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^technology^ a definition of robots* the technalpgUal cofm^ent*'of 
robots * and the robot market* Some issues concernirig the robot 
industry that were identified are listed. Five sets of s&^ial issues 
that were identified are -then briefly discussed. They are 
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international impaets f and other applications (military^ ^pace, 
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Breface 



Advanced computer and communication technology is providing a^ wide 
aasortment of new tools for. improvirig induetrial productivity by automating 
manufacturing. Robotics technology i^n importknt component of mpdsrn aut«> 
mation technolo^, one in which U.S. industry is vitaUy interested. 

On July 81, 1981, the^Office of Technolo^ Assessment held an esploratoiy ^ 
workshop to examine the state of robotics technology and possible public policy 
issues of interest to Confess that may wise from its use. The workshop partici- 
pants included researchers ' vi botics technolo^t representatives from robot 
manufacturing firms, and re ^^-antatlves fr5m firms thafe'use robotics technol- 
ogy. The -principal goals or tu workshop were the. following: 

• assess the state of robotics technolo^; 

• examine the structure of the robotics market^ 

• determine the relationship of robotics to other niew automation technbl- 
ogy; and , ' * ^ ^ 

• determine whether significant Federal pdUcy issues were U^ly to be^ 
raised. * » 4 

This report contains a sumrQa^ of the results of the workshop alo^g with 
copies of four back^oimd papers that were used as starting points for the 
discussion. The workshop was exploratory in nature, and O^A does not at this 
point take any position on the merits of the issues discussed or on their worthi- 
ness for future assessment. . ^ . 
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Background 



The topic of industrial robots has recently 
been given increased attention, 'Articles in 
the technical and popular press have dis- 
cussed the potential of robots' to boost U.S. 
industrial productivity and enhance interna- 
tional competitiveness (IJ). Others have 
concentrated on the effects of robots on em- 
ployment and their potential to change the 
workplace environment and alter the natwe 
of work (3^4). : 

This same interest in robotics technolo^ 
has been expressed inforraaUy to OTA by 
con^essioniJ staff from several comnuttees. 
Other OTA studies in such areas as informa= 
tion policy, educational technologyi innova= 
tion, and industrial competitiveness have 
touched on thi^impacts of robotics technol- 
ogy iniight of those issues. 

To date, a primwy thrust of domestic U.S, 
interest in robotics seems to be the belief 
that robots, edong with other new automa- 
tion technology will be an important tool for 
improving the competitiveness of U.S. man- 
ufacturmg. The use of robots may lower pro- 
duction costs* improve thtf quality of manu- 
factured goods, and reduce workplace haz- 
ards. A clear theme^has been the concern 
that foreign competitors may be gaming a 
significant edge over the United States both 
in using this new production technolo^ and 
ia estab^Ushing a competitive position in the 
potentially major export market for robots. 

Some writers have also expressed concern 
about possible impacts of this technolop^ .n. 
workers as it becomes more widely used. 
They have stressed polfaible unemployment. 



I the need for new and different sMUSi and ef- 
fects on the work environment. 

Ateoad, interest in robotics has been in- 
tense. England, Japan, Germany, Norwayt 
Italy, andi Sweden have initiated govern- 
ment and private efforts to develop robotics 
technolo^ and stimulate Its use in manufac- 
turing. Some of these countries have also 
undertaken studies to assess ways in which 
automation may create or eUnainate jobs. 

In respons^ to concessional interest in 
pubUc^ollcy issues related to robotics, the 
rapid advances in computer technology and 
its' applications, and public concern about, 
the state of the U.S. industrial economy, 
OTA sponsored an Exploratory workshop to 
discuss the future of industrial robotics and 
its likely impact on public policy. The pur- 
pose of this paper is to summarize the re-, 
suits of this effort and to make available sev- 
eral informal papers prepared for that work- 
shop. Most of the information is Based on 
discussions at the workshop, commissioned 
papers,* and other material collected prior to 
the workshop. / 

The summary presents background infor- 
mation and identifies key questions and is- 
sues that were raised to the OTA staff dur- 
ing the cpurae of the project. It does not con- 
tain analysis or evaluation of these issues. I.t 
also does not present any options for Federal 
policy or analysis of such options. 



* Attached to this report aS app. B. 
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Workshop Goals 



* The workshop' had several goals: 

• assess the current and likely future 
state of, robotics technology; 

• examine the strucfure of tjie robotics 
market, including domestic and foreign 

^ users and producers; . . ^ 

• determifte how robotics relates to other 
mariufacturing technologies such as 
.computer-aided design and flexible 
manufacturing systems; and 

, • determine whether significant Federal 
policy issues were likely to be raised by 
the expected growth in industrial 
robotics. 

. General agreement was found on the toh 
lowing pqintg:.. , ^" 

^ the use of robots for industrial automa- 
tion is growing rapidly; robots are Ukaly 
to be heavily used by the end of the 



decade in many settings; 
robotics, while perhaps the most visible 
and dramatic one, exists in a wide spec- 
trum of technologies that contribute to 
the automation of manufacturing; 
any' major impacts on' productivity and 
employment within this decade wiU be 
attributoble to the generri trend toward 
automation (including robotics), compu- 
ter-aided design, the use pf information 
systems to control operations and sup- 
port managements, and th^ integration 
of all these technologies into flexible 
manufacturing systems; and ^ 
robots* themselves, may have important 
impacts in the long run as they evolve 
toward intelligent, stand-alone devices 
that can perform a variety of complex 
tasks, and thereby substantially broad- 
en their range of potentiar application. 
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Robot Tec^ttdlogy 



Roots of Robotics Technology 



I'he paper by Albus (see app* item $) 
Burveys* the state of robotics technology. 
Rpbots ha^e a dual technolopcal ancestry 
that has an Importa^ effect on discussipni 
about what theyLare, what th^ can dOf aB^^^ 
how they arft likely to develop. The two at^ 
cestral Imes arei 1) industrti englheering 
automatldn teiDhniflbgy,* r disciiplihe that^ 
itretchei histoHcaUy o^ aT cehtuiy r and 2) 
cbmputer science and artificial uatelUgence 
technology that is only a few, decades old. 
Ideas 'about the natiire of robots difffp ^ 
according to the .importance pven to these 
two technolo^cal roots* ^ ^ 

Most modran industtial robots are ex^p- \ 
sions of automated assembly-line techEfol" 
o^. Thig form of automation ha^ not MstOTi- 
cally depended on .computers* although mi- 

t electronics provides a powerful new tool 
extending its capabilities. In tlds view 
modeni industrial robots are closely related 
to numerically controlled machine toolsl 



From . / sucb a . perspective, robotics is 
already approaching the state, of. a mature 
teclmoio^/ Ovet the next dfecade, the most 
important impacts of robotics on the econ- 
omy arid work force cai^ot be considered 
separately from the impacts 6t industrial 
automatioii in general* ; . 

^ On the other hand, modem computer tech- 
nology may provide future robots with new 
"mtaUigent'' capatoties such as visual and 
tactUe perception, mobility, or understand- 
ing instructions given in a hl^h-level, natural 
language,^ such as "Assemble that pump!" ' 
The co^nmercial availability of such capabU- 
ities may be one or two decades away. 



In the >dew^of some computer science re- 
searchers, robcrtics as a technolo^ that wiU 
iSavasi^fllflcmfr social impact is still in its in- 
fancy. They estitaate that, given sufficient 
. research support, they could produce a flexi- ^ 
ifbltMnteUlgent robot f or the market s^withto 
this decade. A robot pf this type wiU be able 
to EQQve freely about an unstructured envi- 
ronmik^ and perf o ma a wide variety of tasks « 
on cdmm^d with minimal iieprpgrammg. 
time, 




This view stresses the need for cpntinuing 
basic research in compiiter science related to 
robotics, particiilarly in "artificial intelli- 
gence/' Robots are seen, as /'stand-alone," 
reprogramable deviceis,* capable of perform- 
ing many tasks bth^ large-scale assem- 
bly line appUcationSt Ifor example, small- 
scale batch manufacturii%, mining, or equi^ 
ment repair. / : 



WJilch of these views is rriost pertmenfe 
terms of cmrr poUcy issues mU depend, in^' 
part, on whether such an "inte^gent" robot^ 
would be economically feasible in the new 
future and whether it woiild meet a signifl- 
caiit need in the industrial sector. It seems 
likely, to fact, that Both types of robotics , 
^chn6lo^> ^vdU eventually 'become impor- 
tant, but that their economic and social im- 
pacts will diff^ to the extent that they are 
used for difrtrent pui^oses in different en- 
/dronments,?Furthe^ore, the time scale for 
widespread adoption /wU be slpiificMtly - 
later for the "intelligent" machines. 
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jA&tmi^ion of Robots 



It is. difficult to 'fstabliska usable,, general- 
ly agreed on dejPInition oJF a robot, Expertf ' 
U8Q different Approaches to deflulng the 
, term. The problemi^of definition is further 
compounded for the public by Images shaped 
by science fiction movies that be^ no^resem- 
blknce to robots currently on the market, . 

At the same time, it is important to have 
some common understai^ding of th^torm in 
order to define the stdte^of the art, 1m project 
future capabilities, an j to com^^e if forts 
between countries. Depending on, the defini- 
tibn used, for eKample, estimates of the num-^ 
bar of. tobots installed iri^ Japain vary from 
3,000 to over 47,000 (6). This variation stems 
in part from the difficulty of distiiiguishing 
simple robots from the closely related **hard 
automation"* technolo^es for transfemng 
material. 

The. Robot Institute of America, a trade 
association of robot manufacturers and 
users, ^defines robotf as follows: 



A robot is a rapropamabia multifunctional 
^ manipulator designed to mova materialt 
partSt toolSi or spaciaUzed deviceSi through 



•The tenn "hard autoniatio^' refers to traditional custom 
engineered automated lines. Although ^ey may .contain 
some standard Components, they are buUt to accomplish one . 
specifics set of tasks and often must' be completely torn down "% 
tfnd rebuilt' when the manufacturine process or product = 
design chahges. ■ ^ _ 



varialSs pro^amed motions for the perform* 
' ance ojf a variety of tasks. \ . 

This definition seems' to describe the ciirrent; 
"state of the technoloi^ and is giSierally ac- 
cepted^ by U.S. indust^. 

Industrial robots have three principal com- 
ponentsi 

L^one or more arms, usually situated on a 
/ fixed base, that can move, in several 
directions; 

" 2, a manipulator, the business endVof the 
robot, is the "hand" that holds the tool 
or the: part *to be worked; and - 
3* a contmller that gives detailed move- 
ment instructions* 

, Cpmputer scientists add to this Ust a few 
capabilities that are not generally cbmmer- 
ciflly*available today, but^hat might be part 
of a general p^ipose robot of the foture (6), 
They include the foUowingi 

4^ locomdtioni some means of moving 
around in a specified environment; 
. 5. percepttork the ability to sense by sight, 
touch, or some other means, its environ- 
. ment, and to understand it m terms of a 
task— G,g,, the ability to recognize an 
obstruction or find a designated object 
in an arbitrary locatloni and 
• 6. heuristic problem-solving^ the ability to 
plan and dirept it^ actions to achieve 
' highe# order goals. 



Technological Context of Rdbbts 



The principal technological content of ro- 
botics is the field of industrial automation, 
Most^experts on industrial automation state 
that robots are only one component of a 
large collection of related devices and techi> 
niques that form the technological base oriii- 
dustrial automation (7)* This view was^px- 
pressed both at the workshop and in discus- 
sions of experts with OTA staff. Mechanical 



devices / that performed tasks similar ; to 
those' done by modern industrial robots have 
ssdsted for centuries. The prmcipal dif- 
ference is thati^^^ereas so-called "hard 
automation" is custo& designed to a par- , 
tici4&r task, robots are standardized, but 
flexible and programable pnits that can be^ 
installed in different environments with 
much less customisation. (Some adaptation 
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is' BtUl offen r6i^itoed), ; Glearlyj there is a 
Ifradeoff between the efflciency.ojf hard mito- 
mation tod the fleMibiltty of rp 

. Since i^machiriery: will be inte^ated with 
' the total design of a factoiy it -may not be 
useful to distinguish robotics as an Inde- 
pendant technology. A . ftiU^ automated fac- 
tory of the ftiture might fiflBiude the follow- 
ing components: 

• a computer^aided'design (CAp) Bystem 
that provides a tool for engineers to d^ 
velop new products on a compute usmg 

^ an electronic display screen. The data 
base generated by the computer during 
the desi^ phase is then used by other 
. computerised parts of the factQ^;^ _ 

• numerically controlled Tnachtne tools 
and other autpmated devices that fabri- 
cate components of the productf trans- 
port, and assemble them foUowiug 
instructions generated by the CAD 
system; 

^ • Robots, also . operating 'under computer 
generated IhstructibnSj ' that' transfer 



materials from station to staticpj oper* 
„ ate : tools such as wplderi arid spray 
V painterSt and ,perf oraa some assdnrtbly 
. taAsrand ^ ^ ^ - 
9 dotnputeri^ed infofmation systems that 
keep teack of Iiiyentory, trace the flow of 
materia through the plant, diagnose 
proWemSj and even coirect them when ' 
possible . 

All of the above technoiogies are cmrently 
imder development and being used in some 
form. They wUl likely evolve into compo- 
nents of ff fuHy automated flexible manufac- 
turing facility, 

ThuSt there appear to be two parallel tech- 
nplqpcd. ^ tracks along whicji mduBtrial to- 
bots are likely to develop: 1) sti^d-alone 
standudlzed units that wiU have vaiying 
uses in many different environmentBi and 2) 
robotics techriolo^ that is integrated mto 
complete factories that wiU^ themselves, be 
flexiblei Ajiy . assesiment of the impacts of 
robotics Vould need to consider both types. 



The Robot Market 



The current structure of the industrial ro- 
bot market— produeerSj users, and inves- 
tors— ^is discussed i in detail in the back-r^ 
ground paper by Lu^garten (app, B, Item 4); 

The principal uses of robots today are spot 
welding, spray painting, and a vMiety of so- 
called "pick and place operations that in- 
volve simply picldng up an object .and put- 
ting it with a specific orientation in a pr^y 
determined spot. 

The ^utomobUe industry is the' largest 
user pf industrtal^ robots/ in terms ,pf the 
value of equipment instaUed, ahd probably 
wSl continue to be over the next decade. 
Other major currettt and potential future 
users are summ^ized in the Lustgarten pa- 
per* Once againi these estimates consider tte 
industrial robot as an extension of manufac- 
turing equipmeiit. They do not consider , 
possible new appUcatlbins outside of manu- 



facturing such as mining or equipment 
repair. - ^ 

Domestic robot manufacturers appear to 
fall into four groups: * 

1. Traditional machine tool manufactur- 
ers such as Cmcinnati-Milacron that 
have developed a robot product line. , ^ 

2. Established firms such as Uhimation 
that have specialized in industrial ro- 
bots, 

3. Large manufacturing firmss such as 
General Electric and, to particular* elec- 
tronic computing equipment panufac^ 
ttirers such as Tcms Instaruments, that 

. plan to be maj or users of robots and that 
have decided to build their own. These 
firms rnay choose either to retain the 
technblo^ for their own. use or to mar- 
ket their robots externally. 
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4, Small entrepreneurial flrins that devel- 
/Qpmew, umovative rbboti, type of 
f irxri Has been inaportant m many bbc% . 
. tcks of the inf ormatiOE^'i^dustry, and 
cotild weU play an* imporiant role in 
robotici. * . ' 

The relative jmportance in the naarket- 
plaoe of these different types of firms 'mU de- 
pend on and, in turn, Irifluence the evolution 
of robotics technology. The history of the 
microelectrpnics market suggests that many 



innovative new? types of t^pts will\come 
from thelentrepreneurs, while the large mmi 
wiU have the cApital and capacity td progiice 
and market Itege quMtlties ol heavy ,eqWp^^ 
ment* Also significant in this regard is the 
trend, common with most high technolo^: 
flrms, towMd acquisition of small, inhot'r 
tive firms by lar^r industrial, firms seeking 
either to diversi^ or to intepatq^heir tradi^ 
tional product lines with neW nech^ 



Technplogy and Market Issues 



A number of issftes concern^g the robot 
industry were identified in thls^rpject: 

• Industrial organi^atiOTL—WiL^t types 
6f firms wiU play the most significant 
role in the production of robots and in 
innovation? WiU robot use and produc= 

. ^ tion he concentrated in a few large com- : 
pauies? WiU a vMiety of robotics prod- 
ucts be avaUable for many applications 
by diverse types and sizes of users? 
' What wiU be the effects on the financial 
health of different types of potential 
producers and users? , - V 

• \ Research and development (R&D).-- 

Should R^yD stress appUcations or 
should it focur on fundamental, work 
_ , aiijung at significant new breakthrough 
in the state of the art? What role should 
^&^^ederal Government play in fund- 
J^^H^s resejp'ch via agencies such as 
"th^^^ational Science Eouhdation? 
Wnaiwpe of work should be pursued in 
GpvUrriJaent research such as the^ 
Na^iottalx^Biireau of Standards, and at 
whafe level should it bm funded? What 
additional poUcies, if a^y , would be re- 
:quir|cl^tb stimulate R&D in the private 
sect^?v^ ' 



.Odvemment use.-^AiB there partfcute 
ly important^ applications of robots in 
the Federal Government that should be 
explored and developed? Experts at the 
workshop mentioned^ m p^ticular de- 
fense appUcations and uses of robots 
for space exploration and oceano^aph^ 
Ic work, ; - \_ ^ - 
Definition,-— The question of defining 
robotics and their conteast, whUe nota 
poUcy issue per se, is an important 
problem if any Federal action Is w 
templated to encourage their use or de^ 
velop any R&D pr^pram. How the tecli- 
nolo^ is defined may weU determine 
the type of industry that wiU be hdped 
by the programs, and influence the 
stiiicture of the U.S* robotics industry, 
Standards.— Should tne Govemmint 
engoura^e the ^tabUshmen^ of ^ch' 
nical stahdiifds fOT robotics devices and 
components? Should standards be let 
for interfacing - between robots and- 
other automatlpn and information tmh 
nolo^? Would standards encourage 
the development of the robot industry , 
and the diffusion of the tecnnolo^,^r 
would they prematurely freeze the state 
ofthe^t?- 
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V Social Issues ^ 



' J ;In' addition to tti# technology and market 
issues aboye, the workshop panel Identified a 
number of social impacts. This list is pro- V 
vided in appendix A, Many of the issues on ^ 
the Hit were offered mthout much comment; 
andj ks would be expected, the panel ■ mem- ^ 
bers differed in their opinions of the priority 
oif.the various issues ^and their important to 
the Federal Qovemmenty - ^ 

Combining the workshop Eesults with 
other ix^^^mation coliect&d and evaluatediin 
terms of concessions interests, OTA iden-^' 

tilled five sets of issues. 

# - ■ ^ 

/ ^oductivity and capital formation 
• Labor ^ / ^ / 

^Unemployment j displaeement, dr'^bb 
shifting ; . " ^ 



? pMitiv^\dr negati^ effects pri\ the ; 
^ ^rv: qi^Uty pjf wpi5c^ environmeni^^sudh 
: - ; as: eiposiire to hazardSg job bore^omV 
and.toiploj^r/emploj^ riilatibns) ; ^ 
Education anSd trjpnm^^^ 
> ^Neei^&r teclmologi^ sp 

— Need ior av teehficfo literate ^ 

: - v: ^^:jq^eedSor retraining"; workers \ H^ 

> -^^L JftterriaMohal impacli^ 

TT^Import/e^port of rGSDotics technology ^ 
--COTtortbutiqn to ecdtabmo cpp^ 

nessVA \ ^ := . ■ ^ -l^-A 

• Othair 'appUcatiqus V . w ■ / ^ 
^—Military ^ - ^ 

— Space'^;'A ^z".' 
/^ -^Ocearii" ■■\\., : "..^ ■ ■ 

Each of tHess Sets ol issu^s is discussed 
briefly bdow* * : - ^ A 



, Productivity and Capital Fo3^:§tlOT 



As Sta^d in the Introduttion, much of^he 
Ut^ature on rqtiotte qontiains reference to 
the cohtrlbution robotics can be expected to 
make towaard improving industrial produc- 
tivity* Since a major national cpnceffl is the 
strengthening of U*S. industryt it is impor- 
tant td examne this question* / 

No answers were agreed on by the work- 
shop participants. However, some experts 
did^am about making simplistic assump- 
tioD^'that exaggerate the importance of ro- 
botics, by itself, in improving productivity. 
Two reasons were offered: : ' 

1, Robotlci is only one part of a ^de array 
of tectoologies available to automate 

' manufacturing and to increase indus- 
^ trial productivity. ^ 

2. Productivity is a subtle and coEiaplex 
concept with several' definitions and 
measurements, (This is developed in 



some detail in the paper by; Gold; see 
. app^ B, item 3.) Furtheimpre,\even after 
, some specific definition Is ichosen, indus- 
trial productivity depends 6n many f ac- , 
^ tors that^ interact with one another. It is 
difficult s hence, to attribute productive ' 
r ity improvements to any single technol-. 
o^, * 

These warnings do not suggest that ro^ 
botics is not an important production tech- 
nolo^. Most exper^^s seem to feel that it is. 
However, they steted that there are daggers 
inherent ^in takhig an overly narrow^deflni- 
tion of the technolo^ when assessing im- 
pacts on industrial productivity, . . 

While most appUcations of robots to date 
J^aye been made by large ^ms, the future 
diffusion of robotics and related technologies 
can also affect small businesses in seyeral 
ways. For example, there are likely to be 
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miiiy i3[^:.^ubfeiess oppo^tumtiei for sipMl 
l^Mrn^ to Hewibp and; prodBce software ^and 
^^SeiaUied type|iof e^ it 
^^an ^be ar^ed that^ robotics ' and fl(p%ible 
raut^matterf^ma^ m ^^le: cases lOTrW/thf 
: mtwrnimfi roW^ efflc|ent produGtion);and 
It^^efore thai^f m^ufticturi^ ^^ortu- 
niti|s could be trtaWd lDr email bugmes^is* , 
TMrd, : the adoptim of robotics and rel&ted 
teclmoldpes. by large flrms may foreclo^ 
iome manufactiiring bppprtKiniti for sjmall 
fit^s tha^'caftnot affOTdv to invest in npw 
vtquipment, .Ti^s; situation frequehtly arises- 
when major eqmpment techiiolog^es change* 

■*-v%:^ '\'''^.'. -^v-r^^ 

Capital formation is another issije that 
was raised in the workshop and is discuised 
in thi ECT^iwi^d Lustgartrin paper, 'ptie im-^ 
pdrtaiit ^questions seemed to be' whether 
, there woMdibe adequate capital vf or three 

:r^irTb fund the nibdemixation of industt'ial 
; - : p the use of autgrnation teclmot 

bgyi The flnMcial need would be par^ 
ticulafly great if it were necessary to 
rebuild f ntire plaata in ^tfer to make 
the most effective use of robptics. 
2, To fund tht construction and expansion 
of plants to produce rbbots in quantities 



necess^^to have a significant ebonomic; 
:■ impact. • ''v. - ■ . ^ : • 

3. To ft&d entreprehpurs who wdsK to de^ ^ 
* - velop^qew types of robots for toew ap- 
plications, impbrtance of thg avail- ^ 
V / ability of this fype of capital depends on 
' h5w important it is that the tectoolo)^ 
^e pushed forward rapidi^/ ' . - 

Nb one in the workshop e^r6ssed fibe view 
that lack of capital is an impdrtant impedi- 
metit tB the ^owth of the robdtics industry 
or to the expansion of the use of ^robots in 
manufactuiing. However, some panelists ob- 
served that a tax poUcy^that encourages 
such . investment would be an important 
stimulus. y , ^ 

There was some disapeement abou^ t^e 
availabiUty of private capital to fund R&D) 
Robot manufacturers maintained that they 
were inyesting large amounts d£ monay .in 
R&D. Other experts suggested that, these 
expenditures were principally amied at 
short-term product development and adapt- 
ing existing products to specific tasks. There 
was a difference of opinion about the defini- 
tion of R&D q^d 'cbncerning the ^ount of 
emphasis that needs tb be placed on long- 
term research v. shprt- term grioduct devel- 
opment. / \\ * 



Labor 



Unemphyment is an issue that is vec«i- 
itantly raised in discussions about the'Social 
impact of robots, but that seems in this con- 
text not to be well understood as yet or even 
to have been widely studied by labor econo- 
mists in the United States (8)\ The discus- 
sion at the worksHop rpflected a wide variety 
of opinion about the effects on jobs, dif- 
ferences that seerned to be confounded by a 
number of conceptual problems. ^ 

Productivity improvements resultiiig from 
the use o£ robotics and related technolq^es 
can affect labor in a number of ways. These 
effects depend on factors such as the follow- 
ing: 



• The effects of new techrtology on the 
relative .proportion of macMnery to 
workers' (the capital-labor ratio) in a 

\ given industry^ ^ . 

• The extent of change m prices and pro- 
duction volumes for tJ.Srflrms once^the 
new technolo^ is in use. 

• The supply of quaUfied workers with 
' . specific job sklUs in a given industiy. 

U.S. employment in a given industry may , 
fall because of prbductivity improyements, 
which, by definiti©n, enable fewer workers to 
prpduce a^ven volume of product. U.S. em- 
ployment in a given industiy may remain 
constant or rise, however, if productivity Im- 
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^^^provem^ts we' combined with mcreasei'm 
productiori, volume. Effective labor/ compen- 
SQtion ma^ rise or f all if productivity im- 
pf ovetaents lead to ; ihorter ^brkwe^s 
and/ojv new ^product prices, depending in 

\ Istrge payt- dp productiOT wlumi and proflt- 
ability/^ Finally, average 'wage Aeveli' will 
change »wSth chrages in the ilecessary mte of " 
worker sMUs resultuig from the Implementa-r 
tion of robbtics and related technolo^es.^ : . 

Definitidns ofunemployment, like those of 
productivity, requfre distinctioni ' between 
short;^term and persistent job loss, or b^ 
tween true unemployment (job loss) ^and dis- 
/ plMemejit dob shift)^ 

. For some time^ most experts In t|ie United 
States have, argiied that more jobs are cre- 
ated by new technology than are eliminated. 
However, if these jobs are in different in- 
dustries and/or refa[uire different skills, the 
effect on an individual who has beta replaced 
by automation can ^be traumatic. 

Production and seryipmg of robots and 
related technolfa^is wiU create •new; jobs. 
The number of jobs created and the rate at 
which they appear wiU depend both on the. 
p!Owth rate of the robot indue t^ and the 
degree to which robot manufacture and r^ 
pair are, themselves, automated/ ^ 

Additionally, the effects of modem micr^ 
electronics wUl*be to lower cost, improve per- 
formance, and widen the availability of . 
automation technology rfubstantl^i^^ Nega»r 
tive impact on employinent that, in the past, 
has been ^sinaU, enough to be insignificant or ' 
undetectable^ may be much larger in the 
future. , ^ ^ 

Jn order to assess the effects of automa- 
tion on future employment levelsi a baseline 
must be estabUshed agaihst which job loss 
or gain can be measured. Tins baseline could 
be a simple extrapolation of ciuTMt trends. ^ 
But it may also need to be adjusted to reflect 
two other effects: / 

• Virfual emptoymenft domestic jobs that 
were not expUcitly elimnated, but that 



wb|dd & were robots not tti- 

j ■ ■' sailed. ' '■/■X '.. ' ./ ■ . , . ■ "-v.- • . 
; • Virtual Unemploymen^^^^^^ 

that would have ^£€en lost if the plant 
^ '.- had' not responded^ to, domestic and iA^ 
tematiohal competition by automating.-^ 

As- the^^ase with productivity , - it' is dif- 
ficult to a tti:ibute employment effects to any 
single component of an entire range of im- 
provements iii^the manufacturing process* in 
this case robotics. Any examination of the 
effects of robots on jobs, would ^eed to con- 
sider, at least In part; a much -broader con- 
text of automation technology. , 

There seemed to be two principal sets of 
questions concerning unemployment. THese 
: _ queitdpns^pre di^rent 

implication for Federal Jpolicy, apd in th^ 
data coUection necepsary to analyze themr 

* 1. Wijl) the United^ States experience a 
Icfng-term.rise in thareal unemployment 
rate due to the, introduction of robotics 
and other automation? Ifipo, will these 
* effects be^diffCTenti^y Avire by ge^^ 
papUcal Jlo^atlon, socid4class, educa^ : - 
rion level, race, ^ex,' or other characttip^* 
istics? What mght be the employ^wnt ; 
V penalty of not itutoniatisg? 
2. Win the use ot robots create Replace- 
^ ment effects over the -next decade? In 
^ what ways will these effects be specific ' 
: to particular IndustFy classes, geograph- 
icd locations, or types of jobs? How will 
. they effect labor/management negotia- 
tions? 

' ^Q^ality-of woTtkihg environment Ib another , 
^ issue that was identified. If ^.^^ots are 
^ employed priricipally for jobs that are Un- 
pleasant or dangerous and if the new jobs 
created by robotics are better, the quality of 
workHfe wlU improve. Productivity Increases 
may also, in the longer term, result in a 
shorter, more flembly scheduled workweek. 

New forms of computer-based automation 
may in many, cases relievfe job borbdom and 
resulting worker dissatisfaction that mtoy 
management experti have been concerned 




1§y:f :Exp!pm^^ oh the Sd ciBf Jmfgacts of Robotjas 




ducatidn 




^th.*Worker^^^fe^ use of 

t^t% complB^ b'^Slb and perform a.greatef 
\ran<B^ of taster Foe uistance, they may be 
able tf6 follaw the assenlbly ofB product from 
beginn^g to end and afsume^eatfr Individ- ^ 

fc^iial . re^brislbflity for ihe (quality^ pi ; the 
TBmSp^^ : ^i/^ ■': \ ^ - 

— ^Tha huriian worMag environment can ^so 
be improved by* segregating processes ^that 
create hazardous working conditions (such 
as heat or exposuKe to chemicals) from the 
section of th© fattory occupied^ by humanSi 
imd staffing them wto^obots. Furthermore,^ 
equipping a. worker with a robot helper €or 
strftuous activities not only eases job 
stress, but opens up employment opportuni- 
ties to those who have physical han^caps or 
other limitations* ' ^ ' ' . 

. Whether these beneflts ar^ realized - de- 
pends, in partt on the particular ways 



A number of education and tm^ifeg issues 
are raised by roBotics. Some of^thein will b e 
addressed in the cuiT^ OTSTltSCelsment of 
the impact of information technology on edu- 
catibnt In the-context^f vodationpl education 
and industrial training. 

According to the workshop pantifcipants, 
there is a shortage of tramed tecimical ex- 
perts in the field of robbtips. If there is to be 
any sighificaht expanSidn in the pace of 
automatibn including ^robotics, many more 
corflputer scientists, engineers, software pro- , 
gramerSj and technicians will be needed, in 
the next decade. V* 

A shortage already exists in ftiMy fields of 
engineering and icience* It seems to be par- 
ticularly critical in areas of compjater soft- 
w^e design ^and programing, according to 
findings of the recently released National In- 
formation System study by OTA (9)* Hence, 
the issue is not peculiarly unlque.to robotics 
technology, at least in the case of very 
highly skilled jobs. . . 



' ^hich .mdusti^ uses the teclpiolog^. Many ^ ^ 
labor experts .are concerned that some uses 
of robbtsViU produce^e&ts on the w 
enviroMieiit that wUl not be so salutary.^or = 
eiam^le, some argue that\ one long-teim ef- ; 
feet ofgroBoticsimay b| to "deskiU'' labor, re- 

/^^Si^lesS abtUty bndie part of humans as 
they kre -Incdrporated into- a meohanized 
envlroOTaent. " ^ ^ " * ' 

Some/ labor e^erts'and others have also ^ 
expressed dbncem that automation provide^ 
Increased opportunities for jemployer surveil- 
lance of employees. Some unions also fear 



that autonjation could be usied by employers 
tb "dpwn^ade''' jobs^th^ require^ working^ 
with automated systems,' pt that robots 
might be targeted to replaq^. unionized jobs 



Training 



1 



At the same time, the . use of robots has 
already created^ som e new techmcaVjobs* A 
faw"pf6p^ffi^aveT5eefir^s^^ 
munity coUegelevel to train workers in robot ; 
installation, programing, and maintenance* 

. Some participants and obs^Tvers sug- 
gested that there was a.need for a more tech- 
nologically literate work force, one that has a 
basic understanding of technology and 

.mathematics* In their view, improved tech-^ 
nplogical literacy would provide thfr follow- 
ing benefits^ .... 

1. To the extent that workers would be ex- 
pected to instruct, oversee the operation^ 
of, or repair robot unltsV tthey would 
need some basic understanding of com- 
puters and systems, both mechanical 
and electrical. * ' 

I 2, A techn&lopcally Uterafe wwk force 
would be less likely to resisc the intro- 
duction of robots and other automation 
technology* 
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3! A knowledgeable, technologically ^ 
ikUled worker "would be easier to retrain , 
for some other job, iomewhere else in 
the plant. . 



another and possibly even more iklUed job 



for a displaced worker, 



observer at the workshop^suggested — 
jbhait the Tpasoh* thfe Japaneie work force 
' seemed tb welcome r obbts in their plants was , 
th^high lever of technolo^al Itteracjf re- 
ported for the average JapahesB employee* 
This characteristic, accor^ngly, woflld give 
the . employer greater latitude in . finding 



If the Introduction of rAotics mtb a plant - 
is not to result in unemplpyment; a prdgram 
-of_retraining3isplaGediwtekeFs^^ 
npw j oHs rtiay be iffecessaryl "Retr^ftiing may 
also be required, for ■UioSQ worker who ret* 
mam, forV their Existing jobs^^wiU ;^ 
form and ^:fanction even if *their job title 
mains the same. - / ^ , 



Interna^tional Impacts 



' Concern about economic cdmpetition in 
this technology from Europe and Japan was 
repeated often . Panelists pointed to large in= 

; vestments abroad both for research and de- 
velopment and for 'encouraging the% use ot 
robots. This potemtial competition emit^ pn 

^ two levels^ 1) deyelpping prid selling robotics 
technoloj^, itself, and ^2) using robots to pro- 
duce goods" more competitively (for example 
automobiles). " ; "/r " , 

Some experts felt that the directions of ^ 
^oboticOTelated .researclTwere signiffcaiitly^ 
different between the United -States and 
other nations, notably Japan. y.S^research- 
ers emphasize software and highly flexible 
systems while many foreigji laboratories are 
A concentrating on hardware. 'No one main- 
tained that the foreign state of the art in 
_ robotics was superior to that in the United 
States/** ^Technological lead^'' are hard; in 
general, to either prove or disprove. 

There was a general feeling that the uti- 
lization of robots was further advanced in 



several nations (posiibly includliig the Sovi- 
et Union) compared to the United States. 
Some analysis of the Japanese' and Soviet " 
picture is plteiented in the background paper 
by Aron (app* B, item 1)* . \ ' 

The issue of international cqAipetitiQn cr^ 
ates conflicts in import/e^ort policy. Con- 
trols might hfi placed on exports of industrial 
robots either for national security reasons or 
to limit fogg^n access to domestic high tech^ " 
nolo^ that InoreasiBs the competitiveness of 

gsrS o wev er , s uc lrcpiitrolgmlso^eny^ 
U.S. robot manufacturers access to foreign 
'markets/ Even if the total internatioijri 
market in robots, per sej wer6 to 'renftain 
•Mlatively smaU, robot technology would be a 
vital component in the much larger interna- 
tional market for sales of complete auto- 
jmffted factorif s, V 

Some issues of export controls are exam- 
ined in the context of ^ as t/ West trade in a 
recent OTA study (10)., ^ 



OJher Applicatlbns 



Somi panelists and other consultants | 
pressefl concern that an examination of^he 
Jmpadts of robotics not be restricted only to 
applications to traditional industrial auto- 
mation. Because of their ability to work in 



or even impossible for a human to enter or 
survive, there may be foture uses of robots 
that represent new opportunities* 

For example, several defense mppUcations 



environmeftts that are hazardous, difficult, were mentioned, While there ns work on 
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direct ^military applications of robots* much 
of ^ke interest on the parfi of the defense 
cdntoumty m Robotics is focused on mmu- 
facturing. Improved productivity ii^. ttie 
marrufagfare^of ]^eapons and assSclated nofili" 
tary h^Sware could otter si^iiticant savings 
to the defense budget, Flemble, automated 
factories, even those not normally involved 
in fflHitary productidnp could be more easily 
and quickly mobilized in times of national 
crisis. .. . \ ^ _ . 

The National Aeronautics anji Space Ad- 
naiijistration is exploring- the expanded use 



of robots for such tasks as planetaiy e^lora- 
tion, repairing satellites in space* and aiding 
mining p^peditions. Some researchers are in-^ 
tereited in the use "of robots for ocean ex- 
ploration and seabed minings ; - - 



These examples suggest that* depending 
on the capabiUties of robots \in the next 
decade* jbtiere may be important applicatfons , 
that are npt ' now ima^ned. The* nature of 
these new capabiUtieSi and hente of the ap- 
pUcationSs ^dU depend in part on Federal' 
policies in such broad areas as R&D* techni- 
cal education, ^d reindustrialiiation. 
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Income ^oduction and Distzibution 
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Itaae Base 

Continuity ^ 
Critical Mass 

ftocess Over ft'oduct ^ 

People 
Robotios Technology 

Genial Standards 

Rate of Di^sion / ' 
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Appendix B 

Commissioned Background Piters 



The foUdwing papers were prepared ai back^oimd for the workshop and are induded for 
the purpose of documenting the project. Their content and conclusions are the sole respon- 
sibiUty of the authors and do not necessarUy refle 

1. Paul Aron Report No. 25, _ - 

2. Industrial Robots and Productivity Improvement by James S, Albus. 

3. RoboticSi Pro^amable Automation and Improving Competitiveness by Bela Gold. 

4. Robotics and Its Relationship to the Automated Factp^ by EU S. Lustgarten, , 
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Daiwa Securities America Inc. 

On@ Liberty Flm, Ntw Yorlc, N@w York 10^ 

91 Uberty Birwm " . " 



(212) 732-6660 , 

OAiWASEG NEW iOm 



July 28, 1981 



Paul Aron Report (#25): 



ROBOTS RIVISITED: 
ONE YEAR LATER 



IntrQductlQn: Statiitlcs and Definitions 



Just about one year ago I lisued the Paul Aron Report #22 "RobotlGS 
in Japan" whioh aroused considerable inter est as the first serious and 
comprehensive study by an Amerlaan analyst* ■ In a note to that 
Rfportf I wrbtei%"0£ course * one could, continue to search for additional 
data which woula prqb ably to prove t presentation. In vie® of the eK= 
tensive Am eHcah dlsclA^ 6£ productivity arid the sp^ 
robots^ eKcellent though insufficiently attentive to Japan -s experience, 
timeliness demanded the pubUeation of what we know now* Thus', as with 
aD learning, the report must be considered tentatto;^e and preUminary not ex- 
haustive". This not^ cbuld well be descriptive of this current report* This 
report is an update but to facilitate reading ^ 1 have, included the relevant ^ 
material from the jprevlous report, (Report # 22 is still avMlable on request) * 
■- ' " . ' ■■' - '. . s ^ ' i ^ ■- 

In reexanilnlng the conclusions df rty earlier effort, viewed at the 
time by some as overly optimistic, 1 find that the report, while basically 
correct, understated the tempo of growth/ The Japanese industrial robot 
industry is growing at a faster pace than anyone had previously estimated. 
The origihaa forecast by the Japan Industrial Robot kidustfy AssociatlQn 
(JtRA) for 1979 shipments was ¥ 36 bUlion (abputVS 180 million); actual , 
shipments "amounted to ¥42/4 billion, eKceedlng the oilgln^ estimate by 
17. 81* JIRA had initially estimated Shipments^for 1980. at ¥ 43 billion; later^ 
it revised the forecast upwards by 39*51 to M 65 billion. In actuaUty, ship- 
ments were ¥ 78, 4 billion (about 5. 392 million) fuUy 82* 3% above tfie arlgirial 
estimate. JIRA is now' estimating shipments -for 1981 in excess of ^100 
billion (about $ 500 mimon) and for 1985 approximately ¥ 500 failHon (about 
$ 2* 5 biUion) * ; For 1990 the current "unpffiaal" estiffiate-iS"¥ 1 triUion 
(about $ 5 billion) * These estimates should be compared with the Initial' JIRA es= 
timate in eefly 1980 of if 195 billion for 1985 wMch roany critics argued ^"ul 
not be achieved until 1990* Even jlHA has dtfticulw keeping up with the 
forecasts as late in 1980 it was^stimating shipments- of ¥240 ^ 300 billion 
for 1985 and ¥ 450 - 600 bimon for 1990* . . 
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TABLE 



Industrial Robot ProdufatiQn Value 

■ = ^^^^^'^ ■ 
Year ¥ BllliQn . $ MlUlon 



1968 - ^4 

1969 . r 

1970 ' 4.9. 

1971 — * 4.3 
1S72 6.1 

1973 9,3 

1974 ' 11.4 

1975 11-1 

1976 14.1 

1977 ^ 21.6 

1978 24,7 

1979 - .. 42.4 



'■ 78.4 392 

1981E 100. 0+ 300 

19851 500.0 2,500 

1990E 1,000.0 5,000 



**ExGhange Rate^ ^¥ 200 p $ 1*00 



CFor csnvanlenee only*! have used a single exchange rate of ^ 
¥200 ^ 1 1.00 throughaut the repprt for the past, presant and 
future.) * _ ' 

It may ba argued that Japanesa data on. robots is confusing to 
Americans becausa of a differanae in dpam^^^ The Electric Machinery 
Law of 1971 in Japan defined an industrial robot as an aU purpose niaemna. ^ 
equipped with a memory device,- and a tarmlnal,^ 

and capable of rotation and of replacing human ikbor by automaUc perform anca 
of movaments, TIRA classiflas industrl^ robots by tha matl^d of input 
, information and taachlnt as follows j 

1) manual manlpulator^ -a manipulator that is worked by an , operator. 

2) fixed sequence robot' -a manipulator wMch repetitively performs 
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Successive stsps of a given operation according to a predeterialneti 

sequence, aon^^on,, and poiiti©n# and whose set InformatiQn aannot be - ^ 

0mily ohanged- ^ ^ ' ^ 

.3) variable geguenee robot'^ ^a manipulator wMch repettttvely 
performs successive iteps ©f a glven operation according to a predetermined. 
^ sequence* coi^ditlon, and position, and whose set inforroatioh banj be easily 
changed*. „ 

4) playbaak robol^ ^a manipulator which can produce#from memory/ 
operations originally executed under, human centroL A human ojperator ' 
initially Operates the robot in order to input instructions , ^ All the Irifor- v * 
mation relevant to the operations (sequenee^conditions ^ and positions) is 
pTit In memory. When needed, this InforaOTton is recalled (or played back, 
hence* its name) and= the operations are repetitively executed automatically 
- from memory. - . . ^ ^ 

; 5) NO (numerical control) robot— a mwlpulator that can perform a 
given task7aecprdlhq to the sequence^ .con dltiong and position |._,as^ commanded 
via numerical data. The softw^e used for these robots Include punched 
tapes ^ cards, and digital switches. Tl^s robot has the same control mode r 
, as an N*C, machine. . 

6) intelligent robgt- =this robot with sensory perception (vliual 
and/or tactile) can detect changes by itself In the work environment or ^ 
work condition and, by Its own decision-making faculty, proceed with 
Its operation accordingly. 

I have used three differ enl robot defi^iiti^ -j 

(1) "Robots by Japanese Deflnltlon"-'"all 6 classes 

(2) "Robots by U*S, Definltlon"--clasaes 3^4,5^ . . / : 

' (3) "Sophisticated RQbots"=-cl^ses 4,5,6 ^ 

1. - The American Robot Industry AssQciation fRIA) deflneS; a robot as "a :y v 

manipulator designed to move materlai, parts, t^ls, of specialised devices ^ 
through variable programmed motions for the performance of a variety of 
tasks . " Thus > the U.S . deflnitlon of robots eliminates jhe manu^ mani- 
pulators and ittKed sequence machines, ^"^s \ 

The following Is a breakdown by the nature of Input information and 
teaching (in yen value). 
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TABLE 2 



Share lri_Total Shipment 
By Nature of Teaching and Input Information 



















First 


















Half F.Y 






1974 


1975: 


1976 


1977 


1578 


< 1979 


1980 


1) 


-Manual Manlpulatar 




7.8% 


11.4% 


8..7% 


5; 6% 


5.01 


7.8% 


2) 


Fixed Sequenae Robot 






47.6 


39.0 


37.1 


47.0 


35.8 


3) 


Variable Sequence Robot 


68. Oj ; 


73. Oj 


8.9 


10.9 : 


14.6 


18ib 


13^3 


4) 


f Playback Robot 


10. i 


10.2 


12.7 


18.0 


17.4 ^ 


17.0 


25.0 


5) 


NC Robot 


0.2 




"0.4 


0.4 : 


0.5 


4.0 


' 2.6 . 


A) 


Intelligent Robot . ^ 


0.1 


1.7 


6.2 


10.3 


12.2 . 


9. 0 


9.9 


7) 


Attachmenta = v 


14.7 


7.2 


12.8 


. 12.7 


12.6 . 




5.6 ...... 






100.0 


100.0 


100.0 


100. 0 


100.0 


100.0 


100.0 . 



The sop hlstioated robots clearly represents an increasing share of 
production— 37.5% by the first half of 1980 compared to^ only 10. 8% in 1974. 

Data is av^lable for the number of units per type produced in 1979 
■and the number of robots Installed and v.wrklng at the end of 1979. 



TABLE 3 ' . 

Shipments of Industrial Robots - 1979 



T^e Units Value (¥ Million) 



Manual Manipulator 1,051 2,100 

Fixed Sequence Robot 10,721 19,990 

Variable Sequence Robot 1,224 ^ 7,700 

Playback Robot 662 i 7,200 

NO Robot. _ - . ^ 89 1,700 

Intelligent Robot . 788 3,800 



14,535 units 42,400 



V 
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^ T ABLE 4 



Induitrlal Robots - InateHad and Operating 



1 2/31/79 ^ 



Manual Manipulator 
Fixed S Variable Sequencf Robot 
Playback a NO Robot 
IntelMgant Robot 



7,290 
45,760 
2,410 



788 



56,800 units 



As JIRA previously had not toferan-dated fixed and variable mmqum^ 
robots , ills nucnber of oparaUng v^labla saquence robots InstaUed in 

1979 must be estlmatad. I prefer the more conservative estimate of 4300 
rather than the hlghar 10,250* : 

. Final data 'is. not yet av^able for*1980 but , based on the latest 
preliminary, data shipments and l^st^ed working robots at the end of 

1980 can be estimated as foUowsi ^ ; - = ' 



TABLE 5 



Industrial Robots - Installed and Operating (Estimated ) 



1 2/31/80 



s 



Units 



1) 
2) 
3) 
4&S) 
6) 



Manual Minipulator 
Fixed Sequance Robot 
Variable Sequence Robot 
Playback a NC' Robot 
IntelUgent Robot 



8,790 
56,460 



6,100 
3,460 
1,690 



Total 



76,500 
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TABLE r 



Sty.piPgnts.of Industrie Robots Estimated 
' - - 1980 ^ 







UnitE 


1) 


Manual Manlptilator 


1,500 


2) 


Fixed Sequenoe Robot ^ 


15,000 


3) 


Varlmble Sequenae Ro^ot , 


1,100* 


4) 


Playback Robot , 


. ' 900^ 


5) 


NO Robot ' 


150 


6) 


- Intelligent Robot - J 


^ ^ '350 ^ 




Total ■ r-' 


197700^; 



Using the more restrlotive U*S* definition of Industrial robots, the 
. following ohart GOmpares the relative positions^ 

TABLE 6A ' ^ 

^ , y lJ*S^_-_ Japan CQnaparlsQn 

' Indust ri al Robot s 

1980 . \- 

- Japan U . 8 , 

Production in Units 1980 3,200 1, 269 

Prod UGtion in Value ($ M11J 1980. .180' 100 

Installed Operating Units 12/31/80 11,250 . 4,370 

The most optimistie estimates for U*S* production in 1980 is 1,500 _ 
and, for U.S* installed robots -5, 000 but even if this estimate were corre«5t 
the U*S* position is hardly altered, - ^ 
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\ In 1980 the Unlted^tatei prDbably pl^^ third in the unit pro- 
duction of industrial robota-^the Soviet Un^on produeed an Estimated 
2^000 - 3,000 Industrial robots* Soviet production, however, tends to 
conoantrata on the lass sopWstieated robots. Somehow^ AmerlbaM sfem 
to have taken aomfort with an e^mate. pubUahed in Time in beea&er 1980, - 
of 25 robots in the Soviet Union (at the vary rnQment that the Soviet ^ 
Union was producing about 70 different robot models) . Inddentally^Sovlat 
robotics began even later than Japan— in 1971-72 the first three Soviet 
robots wera-produced. The United States produced Ita first robot in 
1961— a Unimate based on a patent origin^y Issued in 1954. It was only 
in 1967 that Tokyo Machinery Trading Co. started to Import and sell a 
Versatran roi30t, then produ^d by AMFrino. In Novembar, 1968. Kawas^lH 
Heavy Industrias concluded a technology U^nse agreement with JInimfliioa and 
in 1969 began to produ^ robo t s in Ja pan. Thus, the U.S. enjoyed a t 

-4aast^wrai^hrTrar^lM^^overT^ a^ ten year lead over the Soviet T 

Union* « 
;/ \ /: ^ ^ ^ - ' :■ \ ' ^ . , %_ 
_ What. does the future hold?— My estimates or better "guastlmates" 

for Japan is necessarily very tentativa* 



TABLE 7 





f---In Units 
















1980 (E) 


1985(1) 


1990(1) r 


Manual Manipulatoik 


1,500 


6,000 


12,000 


Fixed Sequence 


. 15,000 


30^000 


45,000 


Variable Sequan^ 


\ 1,800 


14,000 


18,650 


Playback 


900 


. 6,500 


13,000 


NO Robot 


ISO 


1,400 


2,800 


Intelligent 


350 


\ 10,000 


23,000 


Total 


19,700 


67, 900 


114,450 



ERIC 
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TABLE 8 (Japaneie Induatrl^ Robot Demand Forecaat-='Paul Aron[c6nt, ]) 



Manual MMipulatQr 
Fixed Sequent . 
Variable Sequence 
Playbaek 

NC Robot . , - ^ 
Intelligent 
Au^dtory Equlpmeht 
Export 



Total 



1980(E) 


1985(1) 


1990(1) 


m 


{%) - 




(1) 


m 




3. 0 


3.8 


10^ 


2 


20 


2 


38.4 


49. 0 


60 


12 


90 


9 


12,0 ' 


li. 3 ^ 


7S. 


15 


. 100 ; 


10 


12.1 


15.4 


70 


14 / 


140 


14 


3.7 


4.7 • 


15 


3 


30 


3 


4.9 . 


. 6,3 


120 


24 


280 


28 


3.0 


3,8 


70 


14 


140; 


14 


1,2 


1. 5 


80 


16 


200 * 


20 


78,4 


100 1 




100% 


1,000 


1Q"0« 



Using the more restrlotive AmeBaariVdefiriitlpn of rdbots , Japinese . " 
industrial robot productLon ia estimated to achieve a unit output of 31, 900 
''with a value of $ 2,15 biUlon in 1985 and 57,450 units and $ 4*4S bimon 
in 1990. If this were to occur, Japanese output in 1985 would be four tlrqes 
greater in units and value than the most optimlatie forecast for the U*S, 

Why have industiial robots enjoyed suoh success "In Japan and why 
do the Japanese place such hlgh-cgnfldence,in-their Juture?_ _ _ __ _ __ : 



LABOR: . . — ^ ^ . 

Japan's sucoess in robot production and installation can be traced, in 
large measure, to Its labor practices. The Japanese employees in major 
corporations are guaranteed lifetlrae employment : (unttl the age of 55-60) , 
la addition, all employees receive two bonuses, each ranging from 2=5 
months pay, in JjuAe and December^, which, wWle negotiated between the 
union and management* pre ultimately based* upon the company profitability. 
The Japanese union is not based on crafts, skills or occupations^ the union 
is on a company wide basis and covers aU member of the bargaining ninlt. 
Employees identify with the ^mpany,'not with a skiU and they are often 
shifted from ona job to another within the company. The worker, not ^ 
fearing loss of employment, does not oppose automation' in addition, as 
automated production generally enhances quality and profit and conee- 
quently the bonus, the Japanese employees welcome the robots. In Japan 
the company assumes the responsibility for retraining the employees who 
have been displaced by the robots. The large companies, at least in the 
last 20^25 years have assumed the responsibility of training and retraining ^ 
their employees j lifetime employment deprives most companies of the 
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Qppertunity to recruit skilled werkers from ether companies and therefore, 
neaessitates trMning* Not "fearing the loss of tralried workers, companies 
are enoouraged to devote considerable effort to tr^ning programs, /Finally # ^ 
as robots are used In dangerous, unhealthy arid repetitive jobs / the 
employe^ coniider production by robots as a meang of relieving monotonous, 
and en vii;bnmentally harmful tasks 'Employeis, dls-' ^ 

' placed by robots, have moved 4o Jobs? laore challenging intellectually and 
less" demanding physically^ . . . - ^ 

" / The practice of QC circles h^ " played an important role In developing ^ 
. employee parti^pation in problem-solving* They are voluntapry teams of . 
8-10 employees who begari in the mid^slxtles to study quality. problems 
and to suggest Improvements, These teams expanded their range of 
activity from quality to many other, areas inclining productivity, especially 
during the seventies. Studies indicate that iDOTh the unions and particu- 

l arly the Q O ^rctos have often been Involved ifrintr odudng robots lnto__^ 

plants* It should be ^o sur prise that those companies which have the most 
active QC circles are also the leaders in robotiiation, Of-course, the 
relatively high tempo of real economic growth In Japan , with its Gon= 
sequent demand for Increased labor, has more than compensatedi; for the 
losses of jobs resulting from InCTeasing productivity^ automation, and * 
robot Introduction, Some Japanese economists, however, are already 
warning that the saturation by industrial robots might create an unemploy 
ment problem In the 1990*s, 

The Japanese seem to believe that they displaced the U,S, as the 
"Number Qne" in robot production largely because of the labor problem* 
"^^n America and Western Europe* the^lhtfoductioh of robots is frequently 
debated and. the crudal pc4nt in such debates is the unemployment pro- 
blem. This 'is rarely dlsa^sed in Japan and instead the positive effects . 
of robots are discussed* improvement of quality and productivity and 
greater. safety for the employees* Stress„ls placed on the new opportunities 
for greater and higher level employment, as robot operators, robot 
maintenance workers, and "software engineers" , and for opportunities In 
hew industries such as ocean resource gathering made possible by robots* 
Unlike Japan, few U*S, companies have assumed the responsibility for. 
retraining workers that could be displaced by robots* Furthermore, the 
Amerlcari worker does not directly benefit from the increased savings and 
profit created by robotics. It Is Interesting that the TV program on 
productivity ("If Japan can do It, etc, ") omitted any. discussion of the bonus 
in Japan, ^ 

- ' - / ■ ' ' ' ^ ^ ' ' 

COSTS OF LABOR AND ROBOTS 

The advantages of Irtdustrial robots can be better understood in the 
context of the relationship of labor costs and robot .costs* The accomplish^ 
. ments of the robot introduction in Japan from 1968 to 1973 werp not 
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promising because of the wide divergence of labor and robot costs*. Before ' 
the 1S73 "Oil Shock" , Japaneee labor costa were still relatively IneKpanslye 
while Industrtal robots^were still high=priced because of the low level of= 
electronic development*' During the decade of 4he saventlas labor- edsts^ 
TQse sharply in japan; The in&nufaeturlng post of Industrial robots of 
aU type^ at^first declined from 1970-197S* After 1975, the price of ^he J" ^ 
pimpler and less electronic "robots" rose, but the "semiconduator revolutipn" 
in Japan continued to reduce the cost of the more sophisticated; robots^^ 
The following table based oh a jtRA suryey. Is reveaHng* 

TABLE 9 ^ : ^ . ^ 

■ Ratio pf__Rgbot: Costs to Labor Costs " - 
/ — ^ ^ (Unit - ¥ 10 00) . - 



Total ■ . - 


1970 


1975 


1978 




Lmhor Cost Per Man 


990 


2,300 


3,000 




Average Price — Robot 


4,600 


4,100 


^ 5,000 




( Japanefee deflnltion) 






n,ooo 




Cost Playback Robot 


12,000 


11, ODD 




Ratio B/A 


4.6 


. l.Ste 


1,7 




Ratio C/A 


.12,1 


4*8 


3.7 



The decline of robot costs relative to labor costs is especially sh^p in 
thelield of sophisticated robots, Superflcdally, a playback robot can be 
amortized within four years on a slhgie shift and within two' years on a 
double shift. The actual expenses of robot installation and rhaintenanee 
resulted In a slower rate .of ^ortization. In the future, labor costs are ^ 
expected to Increase 6- 7% annually while robot costs , thanks to declining , , ^ 
tnieroprocessor prices, should rem^n level or decline* ^ j 

In a questionnaire distributed by JIRA on the motives for installing 
industrial robots in the future, the responses in order of importance were ^ 
as follows: (1) economic advantage, (2) increased worker safety^ \. 
(3) unlversalliation of production systems, (4) stable product quality, and " 
(S) labor shortage, . ' . . 

Hence, the eoDnomie advantage of the industrial robot over human 
labor, which seems certain to grow In the future is considered the most 
important factor in the increased appllcatibn of industrial robots • ^ 
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MANAGEMENT = ^ . . 

Japanese in anagement on aU levels ha^ 
intrbduetjon of robots tpan their American Gounterparts. Llfe'-tlme- 
employmant Has ereated" greater .security and a more long-range attitude 
among Japanese mmageri. The absence of stoqk optloni reinforoes this 
attitude, Japanese managers are able to tolerate the high, initial oosts of . 
Incorporating robots into p^duetion and are willing to accept a much longer 
payoff than their Amerloan counterparts* In the first year of robor intra- . 
ductlon, costs can be very hlgh--not only increases 1^ 

interest costs, and mlsaellan^us ^sts related to the robot (changes in the 
plant and its equipment to accofnodate t^e robots) * but also interference 
and slowdowns In production while the robot Is being ful^Sftteg rated Into 
production. In one case study in Japan, for eKample, the company had 
anticipated that repots would increase production, and thus would permit 
write-off of all co^fe within the first year* Instead^ production declined 
and total costs gr^ by 301, SlmilK' eKperiences have caused many . 
. American manager abandon their robot program. ^%t the Japanese 
persisted and at the, end of the second year total costs were 25% less than 
If the product had continued to be produqed manually . . - ^ ^ ^ . : . . 

Japanese managers are generaHsts, often shifted from one area to , ^. 
another thaf bears little relationShi^ td their previous experience* fih the 
jsther hand, American managers tend^to^be spe^^lsts and stay within one 
area of work during their entire aaree^7,! This, at times, creates oppo^tlon,. 
14^_t j^^^^^^i^* "to ^ novelty such as a robot that might undermine th^ir 
position, American^ reports are replete with tales ^f opposition to robots 
by middle and lower managers and confUcts between. manufacturing engineers 
seeklngf to introduce new technology and production departments seeking to 
raaxLmlie <^ji^rMt production and intolerant of ^y Interference in output* , - 
Even the frontline of management=the*foreraan=often'see the robot as -a 
threat to their status esp^ally when the robot regtirps "care and feeding" 
by an IneKperienced youth with a training In electronics who substitutes 
knowledge for strength, ' ^ < ' . 

In an atmosphere of relatively high Interest rates the financial side of 
U*Sp management ODnstantly seeks shorter and shorter pay ouw^nd 
American roboticists often see these "bean counters" as their eslmy. The 
non-adversary relationship and the long-term outlgoKJaE^ch^^^vades the 
Japanese company has' successfully coped with the "iipue?©i robot Intro- 
duction. . ^ , • ; : 

^ . ^ i '. . ' ^ 

American and European companies were also,.- to, some extent, slde-^ 
tracked in robotics as they had been in the production of numerical ^ 
control machinery* The Americans developed very expensive and very 
complicated ^JC machines so that when the computer broke down, the entire 
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machine, vlrfU^ly a maahlne shop in itielf , halted, / The Japanese dayeloped 
Bm^er , aimple?; less expensive machines that catired to small-scale prQ= 
duction and CQuld produGa in srnall patches * 4n robotics the European and 
Amerioan producers often coneentrated on the most eKpenslv^ 
permitted the Japanese to develop robotics graduairy from the unsophisti- 
cated manu^ manipulators to more opmplex s : - 
"intelligence". ' ' ^ :^ ■ r ; 

INPUSTRY STRUCTURE FOR INDUSTRIAL ROBOTS 

^ . At present about 130^140 flrrns l% Japan are raanufacturlng robots of 
whom 37 are raemfaers of the JIRA. Most large manufacturers, 4ctu^ op 
potential, are HRA members but^someimportant eKeeptio^ns=should be 
noted— Matsusmta Electric Industries r . O^afea Transformer Corporation , . 
Seiko, and the p^n manutfaaturera* ^ . , 

The easting robot makers are widely dytributed over the whole 
range of business scalea. In slie of caplt^aatiQn, robot makers are 
broadly distributed frbm'sm^l firms to giant oorpbrations, . In eKamlning 
the table below, the 55 smdll,*onipirties v^^ less than ¥,100 mUUon . - .^ . 
capitalization (equal to about $ 500,000) represents 41, 41 of the. enterprises i 
the medium firms with (¥ 100 -'300 million) represent 23,3%, while the firms 
with over ¥ 3 billion capitalliatlon (equal to ^out $ 15,000,000) represent ^ 
35:3! of the corporations* The same trend is evident when we eKamine 
the robot micers by number of employees. The sm^l firms with less than = 
500 employeei represent 46,61 of the total, the medium firms with 500 to 
5000 30.1%, "and the glint jarms with over 5000 employees, 23,31, This ^ 
data based on a JIRA survey in^l979, of 133 robot makers, is shown below: - 



TABLE 10 



Industrial Robot Maker Pistrilautlon 
By Size of Capital 



Less than ¥ 10 rnUllon 
¥ 10 million = ¥ 100 miUlpn 

¥100 mUHbn ^ 1 bUUon 
¥ 1 bUlion - ¥ 3 billion 

More than ¥ 3 jDlllion ■ 

Total ' ■ 



19 companies 
36 companies 
23 oompanies 
8 companies 
47 companies 

133 companies 



14. 
27. 
t7. 

35. 



100,0 % 
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TABLE 11 



Industrial Robot Maker' DlatrtbutiQn 
By_Number of Emplgyeae . 
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Less than 50 
SO - 500 
500 - 1000 
1000 - 5000--. : 
More than, soot) 

Totals = ' - • 133 companies 100,0 %\ 

. The wide distribution ok Industrial robar 
several f acton. The giant eleetrical equipment and heavy maGhlnery 
makers were attracted by the high^ g 

and entered the field to diversify their business. Many have been motivated 
originally, by the nefed for robots within their ;ow 

produetivity and safety, evaroome shortage df same skilled workers * and to 
enhance their ability to undertake small and medium batch multi-product 
raanufacturirig. .This applies to the large electrical jmanufaaturers such as 
Hitaqhl, Matsushita, Toshiba , Mitsubishi Electric and Full -Electric . It ; 
also applies to the heavy equipment manufacturers such as Kawasaki Heavy 
Industries , Mitsubishi Heavy Industries , Tokico , Shlnm^wa/ and~^ 
Is hikawajima- Harima , . Some . of the steer makers such as Koba Steel and ' 
Daldo, in diversifying their operations Into heavy macHlnery, also were 
-attracted to robots* . ' , . - 

Since robot application often must he ciistom-tmada for each and every > 
user according to his spacific production process, the robot maker, even 
if smiil^ can specialize Ina specific area of application and suGcassfully 
compete with the big corporations. Soma of these smaller companies under=- 
took to produae robots in or der to enhance their major products such' as 
Aida in the hydraulic prass\nariufacturing* ^ The production of robots^ often 
enabled the manufacturer to offer a total system rather than an individual 
piece of equipment* _ This phenomenon is seen ra^nly- among the machine - 
makers such as Fujitsti Fanuc , Toshiba Seiki, Machi-Fujllcoshl and Komatsu. 
Other small enterprises began to manufactura robots for their own use and. 
then ultimately marketed them. This appHas to firms such as Seiko and 
Sailor Pen. M^ny'firms branched into robots from manufacturlhg materials 
handling ecjuipment and conveyors* This includeci firms such as - 
Tsubakimoto and Motoda. 



33 companies 24.8 % 

29 companies 21*8 % 

r 15 cbmpanies 11*3 1 

25 companies ^ 18,8*% 

31 companies 23.3 % 
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'The Tapaneaa are currently debating the future of thla strueture of 
robot makers. Some eKpeet no radical change In the. Industry strucrture 
within thfe foreseeable future. They beUeva that the amall to medium 
ehtarprlpes wUl conttriue to carve out markets for themselves in the many 
sped^^ed ^reaa. Others visualizing the increasing role of minlcom' 
pUtera and intelligent robots expeet that the large electric raanufaeturlng 
companies beeauae of their auperiority in IC.and LSI teGhnology, wiU 
dominate the robot industry. At present, each individual robot maker 
has its own area of ape^^ expertise aueh^a Yaskawa in are welding, 
Kobe Steel in large paint aprayera, Aida i n preas application, Fujlt^ 
"Fariuc I n machlne ^ tool pipcesalng. However, all makers are using the 
technology developed In their specialty area for appHaations of other areas. 
Kawasaki la the moat active in this approach with Its Unimates entering 
almost all areas of application. But many other manufacturera are aapiring 
to be "unlverarf robot makers". The emergence of ah eleqtronically- _ 
oriented universal robot maker depends on the rat© of development of 
Intelligent assembly. robots, ' . 

Unlike the United States, where two robot makers hold over one half 
of the market a^are, the Japanese m^ket la widely dispersed and chan^ng 
each year. In the U.S. , despite the m^iy new companies entering the 
field, companiea actually manufacturing robots probably number less than 
20 compared to about 140 In T^pan K^w^^aki Heaw Industries has only y 
3-4% of unit volume of aOl Japanese robots (by Japanese deflnltlon) , By 
the more strict U,S, robot riRfinltlon. Kawasaki produced 450 of the JdUU 
robots made In japan In 198fl for a market share of 18% in units. Because 
of its relatively higher price, the market share of Kawasaki in value is 
probably somewhat higher. In manV^ respects the production of robots 
In Japan resemble the fierce competition that grew up ampng manufacturers 
oi televiaion seta, di^t^ watchea, desk and hand aalculators and video- 
tape recorders. After a perlbd of intense competition among many . 
production^ ultimately was concentrated in , a few large firms. It should 
be noted that^this period of competitlQn also resulted in Japanese domin- 
ation in tfiriTO^4fi3arket for these produats. As the spokesman for the 
Long Term Credffl^Rk of taoan confidently puts it: "It is pnlr a matter 
of^time before- the Industrial robot becomea one more pieoe of merchandiae 
which symbolliea Japan".. . 

This Industrial structure has giveh the Japaheae several advantagei. 
The American robot manufacturers must sell thalr robots to uaers; .few can 
test their equipment In actual production ec>ndltlons at tj^fe own plants, 
Witii the entry of JM, Texas Instruments . GE.-and Westhmou^ dnto the 
robot market, this should be altered. But in Japan fU t^»gh_ the decade 
of the seventies the major rpanufacturers how emerging^ ^pchl, Matsushita 
To shiba- had been using robots within these companies, ^^^her more i 
many other companies entered the robot field because they had developed 



42 



Daiwa Securities America Inc. 

■■• . ■ ■■■ ■ /.. ' ■ . ■■■ 

roboti initially for their own needa ^Sjdlor.Ean , Pf ntel , Pilpt in the peri - 
and penell industry / Qkamura in the furniture indugtrv . TolsiCQ in the 
=, Gompressor Industry. Many compmnles devaloped robots to. sell their 
: own Droduots -Alda. Japan's liadlng preie manufaeturer devaleped a 
. series of loading and unloading robots for its presses, Fuiitgu Fanue 
developed a series of robots to service their N.C* maqhines* In turn, 
Fanuc's dompetitors developed robots to stay in ©DSipetltion with Fanuc: 
whUa Fanuc in turn developed ah assembly robot to help reduce the costs 
of producing its robots. In some c^es companies developed robots fcr 
affiliates. That Mitsubishi Electric should develop a "Window Cleaning 
Robot", a fixed sequence machine for high buildings # can ha better 
undarstood when we know that its sister, Mitsubishi Istatei owns many 
of the t^l buildings In Tokyo's Wall Street, Thte automatic cleaning 
operation, reduced m^ntenance CQst^ eUiAhated dangerous work; pror 
vided better cleaning, and protected "privacy in of flees * hotels ^ and 
other places" . Tovoda^Maohlne Workg provided welding and handling robots 
for Toyota. . MitsublshjLHeavy Industries srovidad robots originally Just 

for Mitsubishi Motors /its automobile making subsidiary. 

, - - - - ^ ■ . ^ ■ . 

- . . Because tbe.robqts were used within their own^ f . 
makers In Japan offared for s^e not just robots but total systems which 

4^alraady had bean tested for several years In their own factories. This 
compelled companies that had oilglndly just producad robots to begin 
to davelop total systems. One exampla of this is a completely unmanned 
computer-run dry noodle factory^whlch ihcludes an automatic warehouse* 
battery-operated cars, loading and unloading robots, automatic manu- 
facturing and inspectton, and packing, ^ • 

GOVERNMENT POLICY . ; ^ , ^ , 

It Is quite evident that MITI has been Interested in robots since the 
beginning of the seventies. It would seem unnkely that JIRA would have 
been formed without some government ens^uragement. However, Jt was 
not until 1978 that the industrial robot was officially designated as an 
"experimental resaarch promotion product" and as a "ratlbn^iatioh pro^ ^ 
motion product" with promulgation of tha ap^ecM Machine Information 
Industry Promotion EKtraordinary Measures Act, While the Electric 
Machinery Law in 1971 had defined an industrial robot, Industrie robot 
terminology was first standardized in 1979 under the Japanese Industrie - 
Standards, . . . 



Following tha typical policy of cooparatlva rather than adversary 
ralations with business * the Ministry of Trade and Industry (MITI) , 
having identifled robot production as a major stratagic industry for 
Japan's future, undertook sever^ maasuras to popularlia their utilii^on. 
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CD With MITI encouragement, if not diraetton, a robot leasing 
eornpany, Japan^aQt Lease, ( JAROL ) , was founded in April, 1980 
with the IriitlM .paid-in eapital of ¥ 100 million* This company is Jointly 
owned— 70% by 24 JIRAm enibers and 30% by ten non-Ufa lnsuri£nae com- 
pamea. The : aim qT TSROL is to support robot instaUatlon by smaU and 
medium-sc^e manufacturers and ihcreasa their productivity. Am 60% of 
operating funds are finah^d by low coat loans from the government a 
Taoan Development Bank, and the rest from the Long-Term Credit Bank, 
Industrial ^^^k^f Ja^ and the city banks, J:AROL is in a position to 
Teaaa industrtal robots under conditions more advantageous than the 
ordinary leasing companies. For its first year of operation (fiscal year 
1980) , JARQL planned ¥ 700 mUllon robot leases r actu^y its leasing 
contraots numbering 52 amounted to ¥ 1,150 million (about S 57i mimon) , 
The average term of the lease was 6*5 years and provided a fuU payout. 
In April, 1981 JARQL offered a mora flexible 2-3 year rental agreement 
(not a full payoutrand after the eKplratlon of the agreement planned to 
rent the robot to the same or a different user . At the s^e time JARQL 
began dlSGUsaions with MITI to enter overseas leasing of robots. Jhte 
resulted from a request of ah Australian firm to lease Japanese-made 
robots. Borne gueation arose as to the propriety of using government 
loans' for overseas laaslrig but JAROL suggested loans from the^^|an: - 
Export and Import Bank, Posltiva action on this mattar will greatly 
strengthen Japan's compatitivaness in overseas industrial robot markets. 

(2) MITI has arranged for direct government low-interest loans 
to small and^dluffl-so^a manufacturers to en^urage robot inataUatlon 
for automating processas dangerous to human labor and for Increasing 
productivity. The governraeftt budgeted for fiscal year 1980 ¥5,8 biUioji 
for these loans whloh are extended through the Small Busin ess Finance 
Corporation j a government finance agency* . ^ . 

HZ) MITI has permittad the manufacturer who installs a robot to 
rfepreciate"TO% of Its initial purchase price in the first year In addition 
to taking ordinary depredation. This extra depreciation Is a common ^ 
practida in Japan when yiTIa eeks to promota a particular Industry or 
product. Extra depyeciTOon has been as hlg)i as S0%, Generally it can 
ba taken over a three year period and Is usually repaid in five annual 
inatallments beginning in the sixth yaar. By inatalllng,an industrially 
robot, a firm can depredate 52.5% in the first year, 12,5% plus 40% (5 s . 
year dapreclatlon double declining) . ^ - 

(4) MITI created an atmosp here favorable to the introduction of the 
industrial ToBSt , but it had dapended largely on the private companies to 
datermine the direction and scale of production and to undertake R S D. 
However, MITI has now Just announced plans for a huge R & D program 
to be discussed in the following section. 
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ORGANIZATION OF ROBOTIC RESEARCH AND DEVELOPMENT 

Research on robotlGS in Japan is conducted by three major types of 
lnstitutions=»eoUeges and universities # national and public reieareh 
institutes* and research laboratories ofil^rtvi^te flrms. The number of 
robot research laboratories in universities and public research institutions 
grew from 43 In iS74 to 85 in 1980. In fisc^ 1979/ the universities spent 
100 million yen (or about $,5rns^pn) on robot researoh.and the public 
research institutes about 22jfmi0^n yen (about $ 1 mllUon) . TMa tot^ 
of about $ 14 mUllon is hardly ^^yery large ambunt. But this statlstlo 
omits "personnil eKpendltuajes'" ahd 1b therefore a substantial under- 
statement* Some 270 rese^eherr'at colleges and universities and SO 
researchers at institutes worked on robots in 1979* Public research has 
epnbentrated on theoretioal problems* many of whloh have direst and 
Immediate appllcsation such as^-^^speed aontrol (acceleration of robot when 
its grip per holds nothing) , improved positioning accuraq^# simp^flcation 
and modularization of robots # sensory perception, pattern reeognitlon ; 
ability- . ■ - . 

L The expenditure of -pjlvate enterprises on rpbq^^ 
made public but up to now has been the overwbelniing souroe o£ robotic 
R i D7 Of the 107 robot manufacturers surveyed by TIRA in 1979* 
twenty had a'spedaHzad robot research division In their In'^hoiise research 
laboratories * while another flfty^two without a speolal robot research 
division had one or more researchers specializing in robot research* 

The private research laboratories have concentrated on R & 0 most 
closely linked to application— Increased speed, miniaturization* computer 
control, weight reduction and modularization (development of inter- 
changeable robots) * 

A major 'change has just occurrad^ — MITI announced a m0/en year 
If 30 bllUon nation^ robot research program to begin April 1, 1982. : MITI . 
will create a new R S D ^roup to carry out the program whose purpose la 
to make robots suitable for a wider application and to develop Japanese 
robot technology instead of relying on imported American and West 
European know-how. Stress is to be placed on intelligent robots espacdally 
for: assembly work^ and on robots for nuclear, space « oceanic, and earth^ 
moving industries* The development of sensory perception, language 
systems, and motional capacity are to receive top priority* This program 
Is called a nationally Important major technology development scheme, 

SOCIO-ECONOMIC IMPACT OF INDUSTRIAL ROBOTS ^ 

This section eKpresses the Japanese views on tWs topic and is greatly 
indebted to Rdr* Yonamoto of JIRA , Japan's most prominent authority on this 
subject. Industrial robots have three major characteristics v^ch, in large 
measure, determine their socio-economic impact* 
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1) Induitrlal robots, unlike speri^ puiTpose automated machines, 
are programmable, and. as a consequenGe, are both flesdbla and versatirs, 
A robot's movements may be altered merel^ by changing its program. 

2) Industrial robots can perform beyond the physical and mechanical 
ablHtlei of humans. They do not tire from long and continuous hours of 
work in an anvlrbnment which may be uncomfortable. If not hazardous to 
humans. (Thay require no breaks to ovar^me fatigue or to meet per- 
sonal naeds) • \ 

.3) Industrial roboti parform with a high fidelity and accuracy in 
compllanca with the instrwctions which they receive from man. 

As a result of their versatility, supar-human capabmty, and high 
fidelity to programming, industrial robots have changed in many ways 
tha p^iduetion scene in whieh they are employed, / 

1. ^. Automation of Multi-Product SmaU Batch and M ixed-Floy^ Production Line. 

The flexibility and varsatlHty^ of Ind^rial robots makes possible 
the automation of multi-product small batcWand mixad-flow-Une pro- 
duction. The special purpose automated machine Is restrlctad to limited _ 
model mass production. Recently /^nsumer demand has bacome increa|ingiy 
diversified to the point where according to Japanese estimates, tuny bui 
of mechanised industry's products are manufactured in a moderate-to- 
low volume of output* Thus, the natura of contemporary consumer 
demand ind particularly Japan's desire to accomodate a wide dlyeretty of 
aKport requirements necessitated and. en^uragad the use of Industrie 
robots. 

2^ Easa of Phasing in Product Design Modiflcation and Model Changeover. 

A complete Ghangeovar or aveh a modlficatian in a product model ^ 
often reqtdra changing or at least radicaliy rebuilding a special purpose 
automated machine. Where an industrial robot is used instead, a mere 
change in program is requlrad. As tha product life cycla shortens, the 
flepdbmty and versatility of industrial robots becomes increasingly advanta- 
geous. . 

3, Improved Operating Ratio and Increased Operati ng Tima. 

^ Unlike men, industrial robots can oparata on a 24 hour basis and 
therefore, tha machines, they service can also operate on a 24 hour basis. 
Furthermore, industrial robots are capable of performing functions at a 
high speed which exceed human liEnitations. - . 
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4* AbflitY^to Withstand Severe Worldng. Conditiong^ ' 

The industrtal robot can werk in an env^onmant whlGh is 'adverse 
t3 humana. Human beings reqtdre a host of oondltlons to make the 
working atmbsphere-^both pleasant and aafe^venttlatlon ^ proper lighting, < 
air condltiohing* or at least tefflperature pontrol, and a vartety of • 
safety devlgas and eondl^ps, , 

5* Ability to Exaouta Pgopgr jnd_ Aesugate Motigng and the Abmty to 
Q3pe~ElaBtlGaJgy with ChM^ng^Pro^uction Vdl^j^ 

The sustained stablHty o£ industrial robot ©peratlon---their ablll^ 
to work cQntlnuously and acaurataly faithful to their man-^given Instruotions^- 
ellminatas slumps and spurts^ and provldas a smoother produotlQn flow* 
/ This ability also enables In^eased produotlon demands to be met eff actively* 



6* Chajfiga In Nat^a o^Production Systa 



To the Japanese the Introduction of industrl^ robots means a 
changa in tha produdtion system. In the typiaal tradition^ me^s pro^ 
d uotio^'iina the maohlha. determines the aotivlty of the operators-^^sorae^ 
thing- pointedly satirtzed In Chaplin's famous film, "Modern Times"* »Tha 
Operator programs th^ Industrie robot and therefore, the Human domin- 
ates the system* Aceordlng to the Japanesa, tha industilal robot 
reduced psyehologloal resistance to the conveyor system and thus . ^ 

permitted Its more affective use* They baUave that human satisfaction 
derived from the human control over the robot and this attitude led to 
quaHtatlva improvement In labor* . ^ 

7* Creation of New Technologias * _ ^ 

The characteristics of tha industrial robots-^-comblned with the change 
in the production pystam^to a man-dominated robot-'machine system ltd 
to the creation of completely new techhologlea and to their application 
in exploiting oceanic resources and In increasing utiHgation of nuclei 
energy. Robot applications to health, household, and cleaning duties 
have also been forecast. 

The wide soclo--economlc impacts of the appllcaUon of industrial robots 
expected by the Japanese roboticists has begun to be evident* . 

1* Imprpvemant of Productivity* 

Thm automation of smaU-batch anjd multl^product mlKed-flow line 
production saved man hours and reduced In-process and accumulated 
Inventory* The improved operating ratio and Increased operating time 
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also reduced 'tnan-hQurs, The relative ease with which an Industrie robot 
could be fit for a product design changed saved the time uauaUy required 
for retOQUng* The ^re effecrUva use of the conveyor systenu made possible 
by the industrial robot f also comrlbutad to enhanced p 

2. Stabijity and Improvement in Product QujOityj.^ 

The super- human ospacitiles of the industrial robots and their - 
fidelity to human instructioh led to. a uniformity of products and hence 
made possible the stability and improvement /of product qu^ty* By 
working 24 hours the industrial robot eUmiriated the 
"or def^tlve prod uots which often occur during faGtory start-up operations* 
The quality variations which result from long hours or the differing 
abilities of operators were eliminated^ . ^ 

3. Improvement in Produotion Manqgemant. ^ , J 

Produetion manafement has iraprbvad for several reasons: 

^ a) Reductloh of Inventory and in^prqcess product^ as a result of 
automation of smaU-batbh arid multi-product miKed -flow-line- prod action, 

b) Reduction in set-up time and Elimination of retooling the pro- 
duction line. ' " / . ' ' 

c) The durablhty and acouracy of induEtrtri robots faeiUtated 
production planning* ^ ' 

d) Industrie robots reac^ng more elasticaUy to production volume 
change reduced problems of manpower reaUoQatlon , . ^ * 

a) Industrial robots have helped to improve the quality of work life 
and lad to greater employment stability. In addition / they have cpn-> ^ 
tributed. to overcoming the skilled manpower shortage in such areas as 

, welding and panting. ^ / / ^ 

4. "H umanization'' of Wortdng Life. ^ . - 

' m) Industrial robots released humans from hagardcfas and unhealthy - 
working conditions preventing accidents and occupational diseases. 

b) Industrial robots released humans from monotonous work and 
thus reduced psychological stress, ^ ^ ^ 

' c) The man^robot'-macjlne production system eliminated the 
psychological resistance to the conveyor system, and improved labor 
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qu^ty and human satlsfactiona frsm the hurakn: control bf robots* Budh 
a system eorrespDnd^d better to a more highly eduokted and aging , 
soriety. In recent years* Japan's serrfety has witnessed a growing shift 
from blue- collar to white^cpll&r occupattons and the industrial robot 
enables corporatiQni to accomodate to this trend. Human resources - - 
liberated from adyerse^work environments and from monotonous repe- 
titive manual Jobs are r a channeled Into more intellect uiily demanding 
robot operations and maintenance positions; For ipKampla, manuii wire 
bonding of IC's require the fatiguing performance of monotonous* 
repetitive tasks under a microscope * md^a tr^rilng period of 4^ S 
months. The industrial robot reduces the training period to 15 minutes , 
and eliminates the fatiguing mMual operation^ 

- Rgbpt utilization makes possible greater employment opportunity 
for the infirm j elderly and female work force in industries where heavy- 
and continuous loading /unloading or aarrying a heavy welding gun were 
reqiilred. The "humaniiation" or wopk life contributed to employment 
stability, reducing absences from work, • . 

S* Resource Conservation . . . 

" ' ~ ^ ' ^ - • . 

Industrial robots eontributed to conservation of resources, a high 
priority factor especially since the oil crisis of 1973. These savings 
were achieved in a variety of ways: . ^ 

a) ■ The robot saved raaterial^t he paint spraying^ robot, for example, 
used 20^30% less than the manual painters in many bperations, 

b) The e^e of accomodating the robot to product design changes 
reduced investment in purchasing and /or rebuilding equipment. - 

c) The reduced defective ratio saved resources^ 

d) The Industrial robot, by working in unpleasant environment, 

. reduced ,tha energy consumption of air conditioning* ventilation * lighting, 
etc* ' 

d) By its ability to operate ort one,*twQ or three shifts, the industrial 
robot resulted in redu^ng investment. 

- ROBOT APPLICATION; ■ - 

* Robot shipments are also classified by user which shows the auJo=^ 

mobile as the primary buyer eKcept in 1980, when the electric appliance 
industry, wWeh usually occupied second place, took the lead for the first 
time. 
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TABLE 12 



Breakdown of Industrtel Robots by.Uier (In Value) 
Japanese Peflnltlon 



Auto 

Electric Appliance 
MMhlnery 
Metal Products 
Exports 



1974 


1975 


' 1976 


J 977 


1978 


1979 


1980P' 


35.5%. 


' 19,9% 


30.51 


33.6% 


' ' 34.5% 


38.4% 


30.0% 


9.6 


12.8 


20.9 


23. 1 . 


24.6 


17.5 


36.0 


4.5 


5.6 


7.6 


8.8 


7.0 


5.3 




5.8 


3.8. 


5.8 


3.4 




9.0 




2,9 


4.2 ^ 


2.3 


4.5' 


2.5 


1.9 





(P Preliminary annQuncement of JIRA) 



Howaver , the automobile industry^ still dominated the sphere of sophis^ 
tlcated robots. - i " ^ 



TABLE 13 



^ Shipments of Playback Robots by User 

(4/1/80 - lQ/1/80) 





"Unit ' 


Value 


Automobile, 


61.5% 


52.4% 


Eleetric AppUance 


io;3 


11.6 


Machinery 


3.9 


8.3 


Met^ Products 


4.4 


5.7 


Exports 


5.9 


6.0 


Others ^ 


14.^0 ^ 


16,0 



The large percentage of eKports of playback robots cpmpared to the less than 2% 
export share of total industrial robot production indicates the direction' 
of japan's export poUoy, ' ' - 

Since the playback robot seems to be concentrated heavily in the 
automotive Industry, an analysis of the type of work performed by 
playback could indicate relative use: • , 
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' Breakdown, of Playback Rbbot b^Wgrk_PrQcess 
^ ^ (4/l/|p - 10/1/80) ' 





Unit 


Vaiue 


Arc Wilding 


18.8% 


26; 0% 


Spot Waldlng 


57.1 


45,1 


Spray Piinting 


11*3 


^ 17,8 


Others 


12.8 


11.1 



. : ■ ; ■ - / V . . ■ 

' ' It is elear that spot welding rep reaants the m^or application ©f the 
playback robots. A preliminary repo^ on 1980 calandar year robot 
produetion revealed that cornparad to%979^ arc welding robots increased 
211% In value and 100% In unitai^ and spot welding robots grew 8S% and 100% 
respeotively.^ In addition, assembly robots grew 340% and 33S raspaotively 

(certainly from a low base) * and press and oonveylng robots 60% and 6% 
respectively. The large growth in assembly robots was m^nly for insertton 
of eleotronis parts into printed rircuit boards (an inbrease of 440 i in 1980 
oorapared to 1979), V 



SPOT WELDING ^ , 

^ The automobile industry has until 1980 been the largest sing6 con- 
sumer of robot production, in large measure because of its pur crimes of 

spot welding robots Thp majority of Japanese r-ar taadies aarLmift of 



300^400 press-fdrmed parts man ufaotured from sheet steel wWcM^re 
bonded together by 3,000-4,000 spot welds. In the latter half of the v 
1960-s spe^al purpose autoraatlc mulfl-*spot welding maohlnes were Intro- 
duced. However, with the tendency to produot diyerslfication and the 
shorter life cycle of oar models, the return on investment of the multi* 
spot welders declined. Large monetary expenditures to modify the multi-^. 
spot welders were^ necessitated by mbdel change-over or design modifi- 
cation. During the modification, a corisidarable period of time was lost 
and manage^ment expenses were cbnsumed for production line reorganl-' 
zatlon. • — • ■ •" ■ ^. • ■ - ■ ■ • . 

Thus, the robots replaced the multi-spot welders because they only 
require being taught where to weld in the new model in the event of a 
model change-over. Often merely one hour is reguirad for the new 
learning process. As production volume is no longer clearly' pradtctable, 
it became quite risky to Invest in special purpose automatic machines, 

. , , ; > 
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Inveitment In the more ll©Kilble robot seemed preferable. The robot alio 
eliminates the need of the mmu^ operator tO; fellow the conveyor line 
with a heavy welding gun, 

^ The automobile* companies then Introduoed batteries o£ robot welders. 
In some assembly plants, a alngle operatOT for robots can handle a work 
load onee shared by ten workers/ To improve prod uotlvlty by simultaneQUs 
raulti-spot welding, efforts have been made to develop multi='^m welding 
robots and to i apply a number of modular robots to welding. Robot Intro- 
duetion into the spot welding line has made possible the automation of roulti-" 
product mixed-flow -assembly line on which various model flow one after , 
another, 

Nissan has been the largest user of spot welders and by the end of 
1980, it had "about 300^ spot welders. At the same time,' Toyota reportedly 
hadi 200 spot welding robots, but It ordered 720 robots from Kawasaki ^ 
Heavy Industries— 220 by 3/81, 200 by 3/82, and 300 by 3/83, It has been 
assumed; that moat of these would be used for spot welding. Kawasaki 
,1s reportedly dellverihg about 25 units monthly* Mitsubishi Motors has 
'>been reqeiving spot welding robots from Mits ubis hi Heav y I nd us trie_s^ 
Toyd Kogyb and Honda have intrddui^^ " , ; - - ~ 

Kawasaki H.I t is clearly the leader In production of robot spot welders. 
By spring of 1981, it had. deUvered 1,500 Unlmatfes prlmaiily for spot ^ 
welding, and its monthly production rate is 60. Mitsubishi H.I. oqcuples 
second place, having delivered 250 robots by the spring of ISffl and with a 
monthly produotion rate is slightly over 10. Toshiba Seiki has begun 
production of a modular spot welding high apeed robot wWch can reach 
a monthly rate of 35^50, Toyoda Machine, Works is also maldng an inex- 
pensive building block system: spot welding playback robot, but they will 
^^^t^be offered for public sale until the fall of 1982. Toyoda expects to sell , 
1,000 units annually* We do not know how maiiy of these have already 
been shipped to ffoyota . By 1983, Toyoda Machine Works and Toshiba 
Seiki ',, If they shbuld be suacessful in their modular and simpler spot 
welding robots, could occupy a significant market share, 

ARC WELDING / / 



Arc welding operations are conducted in an eKtremely unfave^able 
environment where carbonic acid gas, fumes and heat are generated. As 
a r^ult, arc welders must wear masks and consequently, must take time 
out frequently. Some loss of operating time is, therefore, inevitable* 
In addition, the new generation of young workers, being better educated, 
tend to- shun arc welding. As a consequence, arc welding was particularly 
susceptible to robotics. 

However, the large^sized robot such as the Kawasaki Unim^ate, which 
could handle heavy loads could hardly be Justified ecdnomlcally Uy an 
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application which largely used Hght weight welding guns* Yaskawa 
Electric_MfajL. t present , dominates the arc welding robot appUcatJons 
with its relatively lew-priced playback robot* Shlnmelwa developed arc 
welding robots for work onvheavy plates whUe Osaka Transformer developed 
arc welding robots for work on sheets* Kobe Steal has produce da 
more aKpensivej continuous path control^ arc welding robot, ^ Hitaohl had , 
PTOduced two robots siiltable for arc waldlngi a $ophistlcated intelligent - 
rbbbt, and low priced articulated playback robot. Mats us hits has Intro^. 
duced a very corapetltlve arc welding roBot* ^ . / ^ . 

With Matsushita entarlng the arc welding area and with' HltacM 
capable of substantially Increasing its output. It is entirely possible that 
t hesa= two 'firms will ultlraately dominate the a^c welding market, 

SPfeAY PAINTING AND COATING - ' 

Painting robots are the third latgest type of playback robots and 
^ are now growing at the' same rate as spot welding robots but^not fast 
as the arc welding robots* Spray pMntlng and coating offer a rich area 
of application* To become sk^ed* a coating worker regulred 2-3 years 
of expertence, Howevar* the poor working environment and the tendency 
to a. more educated society contributed to a developing sklUad worker. / . > . 
shortage* The necessity for a large percentage or rework made pro^ 
ductlon planning dlfflcuit*^ , 

The industrial robot p.royided cert^n advantages in painting : 

1) They insured stability of product quality and therefore made 
possible Improved production planning and control* Des&lte the salactton 
of :t ha most skilled workman for finish coating, the quaUty of the flnlph 
varied according to the workers and the condl^ohs of the day* In* auto- 
mobiles, the paint finish of a car, and especially its uniformity. Is a 
determining alement In the Japanese domestic consumer prefarenca* 

2) They made possible a .multi^product mixed batch, coating Una, 

3) . .Tljey provided continuous production operation and reduced 
the need for^lntarmedlata stocks* 

4) The nianual workers, and special purpose automatic coatln 
machines tended to increase the use of paint to preclude uneven coating, 
espaclally in complicated shapes* In addition, spedlp4 purpose ^uto- ^ ' 
matid coating machines tend to overspray paint on smallar p^roducts in a 
multi^product coating Una. In the case of -spray painting an auto body, 

a savings of 10^201 in the use of paint has been effectuated. Reducing' 
the amount of paint reduced th^ need for ventilation knd tharefpre, saved 
on energy consumption. 
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Bl Spray padnUng li a very urthealthy Job because of the 
ahemicalB ^nd dust* The sp^&y painting robot eould free the operator 
from staying in the spray booth. It provided a'relattvely simple way 
to meet safety regulatiQna* 

- Kobe Steel introdueed the Norwe^an Trallfg spray p^nters^-=a 
rather expenilve robot. Both Hitaohl and Mitfu&ishl Heavy Industries 
worked with other firms^- Nihon Pijkeriking Go. ^and lwata Air CQmpressor 
Mfg,. Co. respectively to develop playbaak ipray -robots . Tgl4^ 
offered a large variety of low priced palntlhg robots while Naohi ^ 
Fujikoshi otfered a spray robot with both Temote arid 4irect teaohing. 



Considering the demand for spray robots (Nissan alone is reportedly 
sacking 300 units) 'it seems evident that production objectives win be 
Incre^fd , It is still tpo early to p rf diet the , future mar k^t phare ; as ^: 
changes are expected shortly, at least in Hitachi ^ 

>■ ■ ■ ' ■ ■ -. . 

MACHINE LOADING AND UNLOAfaiNG . 

Industrial robots have been applied to a wide variety of produotion 
processes in which the basic breakdown of the process indicated that the 
robot is being used primailly* if not exclusively / for ,(1) loadlhg and 
unloading, (2) -trans-^shipplng and (3) padletlzing. and dep^etiiing. 
This refers to appMcatlons in the foUowing areas: 

1) die casting 

2) forging / 

3) press work ^ ■ 

4) plastic molding k^'r - ^ ■ V 

5) \ machine tTOl loading . ^ , . 

6) heat treatment . . 
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la each praductlon prQcess, fierce oompetltion esdsta between those 
who designed industrial robots, often relatlvelyy^nsophisticated,, for ^ 
. partieular production proGesses and the uriiverAl robot makers w,ho 
offer playback and IntelMgent robots. In most cases, however, the / 
specialists seem to have won out as of now* In press working operationa 
. Aid a Engineering seems to have won dominance though strongly 
r ch^enged by Toshiba Seikl , -Similarly, Fujitsu Fanuc seams to enjoy 
supremacy now in the loading of machine tools, althQugh ■ Kawasaki H . I , 
has mounted a atreng challenge^ 

' In plastic molding (the autpmatlG unloading of ^njectlQn molded 
products) the small man uf act urer a dominate* Ichikoh Engineering Co, 
and Kyos hln Jlectrlc' offer a complete line "of fixed aequence raachirtes. 
Star Seia offers ' both fixed and v§riable sequence robots, gaijor Pen^ 
' likewise* offers relatively unsppWatlcated machines. For unloading 
: . f workpleces from a die casting roaehlnt, Ichi^gph d'ffers its fixed aequence 
r raachlrieAwhile Shoku and paido offer varlable"7equence robots, 

. V For putting Workplec^ Into^ a furnace S hlrU^^lect ric has a ; ^ 
' relatively sophisticated variable sequence robot ,~ NSbhi Fujlkoshl offera 
a speeially designed robot to tolerate hot temperature, wmch ha^ been 
used to transfar workpleces from a furnace to a press ^ 

. ^ Ijfi ihe forging. area, a great number of ro^ot makers offer m variety 
of sp^eiall2ed products 4 Aid a , Kobe Steel , Komatau and Nachi Fujikoshl , 



MAGHmiNG - / ; 

In Japan one oparator of NC machine tools serves on average less 
than two NC machine tools ,^ This low ratio Is. the result of manual loading * 
and unloading of the work plfces, manual disposal of chips and malnten= 
ance. Many Japanese firms sought robotic solutions to this problem. One 
of the consequences of the application of robots to machining besides 
improved productivity was Improved production management. Robots' 
could reapond more elastlcally to changes In production volume and in ^ ^ 
the event of temporary requirements for Increaaed production they could 
easHy be .worked oyertlnw. Where the process was computerised, it was 
possible to know beforehand when a machinery operation would be completed, 

• While. severe other companies manufacture, robots for machining 
Fujitsu Fanuc dominates this application area with an output of 100 units 
monthly. The Fanuc J^odel 0 uses the NC of the single machihe tool which -. 
it services; the Model 1 and 2 (known in IJ,S, as 3) have their own NC 
and service up to two and five machines respectively. These machines . ' 
make possible an Unattended machining system that operates automatically 
at night, , / 
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The entry of Fujitsu Fanuc into rbbsts has caused some of its 
competitors and some of the machine tool manufaoturars to develop and 
produce robots of their own* This is espe^ally^true of Okuma which 
supplies Its own NC for its machine tools, Iii additlQn,. Yamatfee- 
Honeywell and Ikegami Irori Worka have started production ot NU 
robots, Fanuc plans to introduce additional models in the summer^f 1981, 

Fanuc's competitors now are other manufacturers of robots who 
have modified thein products to aerviee machine tools, 

TRANSFERRING ' . ^ . ^ 



Closely Mlled to the machine loader /unloaders are the robots which 
are engaged primarily m the transfer of materials. Many robots equipped ^ 
for apeciallzed proceises such as welding, and painting can also be 
^ modified for transferring of materials. In additton, many conveyor , 
. equipment manufacturers were compelled to produce robots to compete 
with robot manufacturers entering their market. Some robot makers 
entered the materials handUng marked carve a speaal niche for 

themselves, 

Shinko Electric , Talyo . and Kayaba Industry are manufacturers of 
machine loading robbt^that entered into the transfer field. The con- 
veyor manufacturers that entered the field Include Teubakimoto and 
Sankl Engineering - The ''^universal robot makers" offering machines 
for translerring include Kawasaki, which offered modifications of its 
^ Unlmate for that purpose, Paldo Steel , Yaskawa , Naehi Fujlkoshl and 
Tovoda Machine . 

Some firms specifically developed a line of materials handling 
> robots. Palnichi Klko has developed a Une of heavy duty transfer robots, 
Motoda {now Oriental Terminal Products) m^es a complete line of what 
is~descnbed iTmulU-purpose versatile robots in both variable sequence 
and playback versions. Their major, if not eKclusive,market, seems to 
be the materials handUng area but Motoda claims that these robots can 
be used for welding and spray painting, Toyo Keikl has developed 
a series of variable sequence robots spedttcally dedicated to palletizing 
and dipalletlzing. The entire area of transfer robots like the area of 
machine loading robots is stiU too greatly spUntered to provide a mean- 
ingful market share analysis, 

ASSE MBLY ROBOTS ^ ' 

Assembly robots capable of Inserting, screwdrivlng, bonding, and 
similar processes exist largely either In the R & D or the early appUcation 
stage in Japan, Most major electrical manufacturers , such as Hitachi.,_ 
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Matsushite/ Mltaubiihl, NEC, Old, and Fujitsu, have developed fully 
automatla systemi for bonding. All these uie cameras for via ual , 
P er cap Uq n to pesitlon . b y s h tp e 0 f p att ern - and in the case of Hitachi ■ 
apd Mitsubishi Electric, to detect defects, Fuji Elestrlc's --Checker ■ 
/robot", which examines and rejects pharmaceutical pUlS la not a robot 
but' does advance both visual (by use of a camera) and tactile perception 
for quidlty inspAtldn. : . ^ 

In addiy^n, special purpose automatic assemblers 
slderable data for cdnstructlng assembler robots^* Hitachi buHt for 
Nissan an autbm^atlc tire fitting system which uses, a machine hand to 
detect the h.ufa belts, position them* and' ttghten them* Hitachi also > 
developed a fuUy automatic system for fitting rubber , belts to. tap© ; 
recorders from which they learned assembly principles suitable for 

automobile and electrie appliance belt fitting^ ■ 

- ' ' ' ' ^ ' ... . . ' 

Hittehl manufacturers an Intelligent robot with a 25 step mem^y 
capadty^nd a 20Pg,, load capacity that can fit different components/ 
one by one 4n a spedfied 'Ordef s^^ / only \ 

'1-2 seconis to fit workpieces* Its'flngaif support Is flexible, to prevent 
eKceesive force* Its ppsltlonlng precision does not have too cjose a 
tolerance but a spedi searching function 'automatically detects the holes 
of workpieces and fits them properly even when^posltipning is net 
accurate. An automatic rejecting funcMon within the robot prevents 
. . -assembly of defective workpieces, ^ 

Both Hitachi and f^atsushita have built experfmental robots to 
: i^emble electric vacuums* V~ . . ^ ^ / ^ - ' 

^ ^ _ . - ' . ' _ _ ... - . ^ _ 

The larger electronic /electrical manulacturtng companies are planning 
to robotlzf 50^75% of their assembly operations by 198S, This would in= ' 
dleate that far more activity and eKperlmehtatlon has taken place than has 
so far been publicly j'evealed*^, (Still this fofecast seems too optimistic 
to me. ) ' .. ^ ^ . 

In March, 19BI% Hitachi pubUcly announced a task force of 500 key 
technology experts to fashion and install a standardized assembly robot 
with both visual and tactile sensors, mlGrocomputer control, and 
mobility and projected a 60% robotl^atlon of its assembly processes by 
1985/ In April, 1981, Matsushita announced a plan to marshall tha"^ ' ^ 
entire staff of its technological division to develop intelUgent industrial 
robots controlled by microprocassors and modularlEad (BBS), Matsushita 
revealed that some BBS robots were^ .already functioning at Its plants* 
The new robots ware to be of three types (1) robots that position 
workplaces accurately, (2) robots that assemble workpieces, (3) robots 
that adjust the finished product to function as originally designedp 
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NIC than reported that It had developed a factory robot that 
assembles electronic n^achinery and appliance 

with a speed of 45 centlmetera per second and a positioning aeouracy = 
of only 8 microns. The high precision and speed has bean raaUaed by 
^ oomputerizatiQn and By appllqatiDn of the prlhclple of electronic 
= magnetic repeUance, uj^dng the linear 

that has been used b^ the Japanese National Railways In developing 
the "floating" train* The' HEC Unear^motor diiven robot arm and hand 
picks up a machine p^t or component with -a ma^dmum load ot 2 kito- 
# . '.grams and carries, it around by making It float over the work* table* 
The high prerislon of movement is achtevad by the robots's set of 1€ 
Sfnsors (visual) supported by ^ built-in microprocessor, NEC has ' ♦ 
been produ^ng these assembly rpbots so far for, its own factorlem and 
those of afflHated companies and in 1981 NEC plans to manufacture 50 
units of these assembly robots^ 

In June # 1981/ jshikaw^ima jlarima Heavy Industries, a cdose 
ally of Toshiba, announced plMS to produce its Group Manipulator % 
. ' ^, Module "Syiiem^GMIife) with an articu^tW arm with the most advanced - - ^ . 
paraUel' icdr cult f type IjBK HAMS In It In October* _^ 

1981, the GMMS wUl be tested (possibly at Toshiba?) and hopefully would . 
be marketed b.y September, 1982 the latest* 

■ pujjtsu FanuQ^ has ^sq developed an assertbly robot but no details * 
are known except that It Is'b^ng used at their new Fuji plant, Fujitsu 
is working closely on robot davelopment with its afflHate* 

The heavy emphasis on assembly and sense perception by both . ^ 

the private firms ^ universities^ and public research institutes would 
seem to indicate the possibility of achieving the goal "of popularisation / 
of assembly robots by liSS, As .wUl be .discussed later, the Japanese consider that 
the intelligent robot is an Irapbrtant element of export policy for the * 
future* . ' " 

gUILDING BLOCK SYSTEM (BBa) ^ ^ . "\ 

The trend to incorporate various models Into a single production Hne 
and to run these lines at higher speeds created some problems for the 
conventional universal type spot ^welding robot* _ in a mixed ^;flo w^ prod uctlon*,^ 
line robot capacity was not fully and efficiently utilized. Furthermore* it 
required a large floor space for installation* . 

^ ^ : ^ : ■ ^ ^ 

After a year of development and design, and a half year of testing 
a new robot, the BBS became operational The BBS is more 

compact in size and tharefore*. lower In cost than the conventional robot. 
It is a fuUy articulated; multi^welding system w her ■ 
. can cpntrol simultaneously up to 8 units (48 axes) and a hydraulic unit. 
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separate from the robot's m^n body, controli threa robots* . . 

A study of two yaars of operation of the BBS welding in an auto - 
plant indicated that Itk investment effldeney was 30% greater than a 
conventional robot system* The floor space required reduced 
alniost in h^f , .The downtime of a BBS robot was one third of the 
downtime of a conventional robot* * 

BBS is the aim of most of the makers of sophisticated robots* 
How many of these building btooH systems are now operative in Japan 
is not known , but the several years of experien^ and the concen- 
tration of private research labor atbrles on the BBS would tend to sub= 
stantiate the Japanese expectation of a substantial Increase of the BBS 
far beyond appUcation only to spot welding* Toyoda MaQhine Works and 
Toshiba Selkl have developed successful BBS robots but detailed pro- 
duction information for these companies and other BBS makers is 
currently unav^able. 

FROM ASSEMBLY ROBOT TO FLEKIBLE MACHINE SYSTEM - 

The ultimate Bim of the assembly robot is the creation of a.com- 
prehensive fle^dble manufacturing system (FMS) sometimes called the 
"unmanned factory". Such a system ag exempMied by F^ji jlejrtrtc's 
turnkey hoodie factory would combine industrial robots with an auto- 
^ mated warehouse, -unmanned transport vehicles * belt conveyors^ and 
computers which would simultaneously operate and record production* 

; _ . ; ^ " ■ ■ - . . : ' i . / ~ 

Fujitsu Fanuc has invested ¥ 8 billion to create such as factory 
at Fuji to serve both as an automated manufacturer and a showroom* 
Its "production capadty can be eKpressed in terms of monthly sales of 
¥ 1/5 billion or in terms of production output--lOO Industrial robots, 
150 electric discharge wire cutting machines, 100 numerical controls* 
The total number of employees Is 100 — 19 machine processors, 63 
assemblers* 4 inspectors, and 14 managemerit and clerical personnel* A 
factory of this scale r ^^^^y requires five times as many ppople* 

The Japanese a V^that the FMS actuWly results not only in 
reduced labor costs fiut^Veduced capital investment* Fuji operates 
24 hours a day (unmanned at night) and equipment utiUzation ratios 
are elos'e to the maximum* Furthermore,-, model changes can be made 
easily* With robots* machines need not be replaced or rebuilt; only 
the program must be changed* Prior to the introduction of industrial 
robots* factories often shut down for months to make the required 
alterations for a model change* In addition, a substantial amount of 
' p ertp her al factory equipment such as lighting (the robots run at night 
In an unUghted plant), air conditioning and atmosphere control became 
unnecessary, at least in those areas where robots work without humans 
in proximity. Finely, the miniaturtzatlon of industrial robots, wWch^ 
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is beginning to take place, will enable robots to be positioned very cloae , 
to eaeh other permitting a higher degree of effleiency in spaae utilisa- 
tion, a major element in Japan where Industrial land is relatively scarce . 
and high=priced/ This plant eontrasts sharply with the custom-made, 
almost handieraft assembly of many Amerlean robot manuf acturers . ^ The 
abUlty of Fanuo to increase its output swiftly is understandable^ when 
they spealTof an ultimate caparity of 360 units per month of Industrial 
robots (which I presume includes both machine loading /unloading f^ootB 
now being sold and their new assembly robots), it seems quite feasible, 

FUTURE OE TAPAN'S INDUSTRIAL ROBOTS 

The demand projections for rapid growth are based on the following 
analysis r 

(1) The Intelligent robot with an intern^ microcomputer and 
sensory perceptions has emerged and its field of appUGatlon, espeeially 

- in assembly and inspection, wiU widen and expand very rapidly, TOe. 
anriounoed plans of the major electrical manufacturers should provide 

- substantial markets within each company and its affiliates, , 

(2) The shortage oi sklUed liifor and the aging of th 
force wUl hasten the acceptancev of industrial robots, 

(3) The ability of industrial robots to work in adverse work 
environments resulting in. savings on anti-pollution deyices and energy 
will also accelerate acceptance of Industrial robots, 

(4) The government poll^es= of finanrial aid and accelerated 
depreclatiQn will encourage the use of Industrial robots among the small 
and medium corporations. To the ^tent that such firms are suppUers 
of the larger process industries, th#y will be compelled to Introduce - 
Industrial robots to provide swift on-time delivery of components,- \ 
.{the Komban System of Toyota) , ^ , ; 

(5) To increase Japan's competittveness in international markets 
not only against the* advanced Western nations, but also against its low 
labor cost competitors in last Asia (South Korea, Taiwan, Singapore, 
Hong Kong), Japanese firms are being compelled to automate, 

' (6) As-demand for goods^becomes less uniform and more 
divirsi:aed,"small and medium Hatch multi-product production, and^ 
constant modlficatlQn wHI become predominant. The industrial robot, 
especially the BBS, has greater fle^dblUty than the dedicated, single 
purpose automatic equipment, 

(7) Japan has made robots a top priority both for research and 
production and an unrestrained effort is being made in that direction. 

(8) The Japanese expect a substantial expansion of robots to areas 
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other'than the process industries such as electrical and automobile 
manufacturing* In agriculture, robots wili be used for crop dusting 
and spraying chemicals* harvesting fruit trees, tilling ground and even 
milking and faedlng of ^ws. The Japanese eKpeet robots to be used 
in many aspects Qfiorestry, 

A top priority has been given to underwater geological surve^ng 
^and welding and mashlnlng (under 300 meters). Komatsu already has 
an underwater robot being used In bridge building. In mining, robots 
are being developed to work coal and ojre faees* Robots are also being - 
planned for building construction (especially mUlti-storied) and road 
construction* In the service industries robots are being developed to 
clean waU^ and fldsrs of buildings, cleaning of boit hulls, cleaning, 
eleetricia Insulators in nuclear Energy, The Japanese also expect to 
expand robot use in the hospital and the home. However, it should be 
emphasized that the top priority for the first half of the decade remains 
the intelligent robot for assembly. 

(Bj Japan eKpects to be a major exporter of industrial robots. - 
This requires some additional comment, . ' 

'The Japanese expect that Western Europe and the U,S,, as well 
' as Eastern Europe, will make strong efforts Jo Increase worker pro- 
ductivity.. These "rein d us triaUzation'' programs will neceasaVU^ 
involve increased use of industrial robots and Japan plans to export 
them/ While exports of robots were less than 2% In 1980, the Japanese 
expect that in 1985 and 1990, exports wiU constitute about 201 of 
production. 

.The Japanese attitude Is axpressed in the following view of Machida 
of the Long Term Credit Sank: "Jhe Industrie robots presently in 
use are; tephnolbgically speaking v still in their infancy. During the 
1980's they will m^ature^from boyhood to the young adult stage. At 
present, Japan is the number one country qualified to be the parent of 
this chii^. . J. ■ 

Accepting the challenge of Japan-s lack of innovativeness and 
creativity, Machida wrote "It has been said that Japan cannot be victorious \ 
in the ^pioneer technology- which is producing sophisticated, knowledge^ _ 
intensive products because we do not possess high creativity* However, 
^ th$ expanding exports of Japanese intelligent robots wHl soon bear testl-^ 
mony to the fact of our international competitive strength, not only In 
improvement technology and appHeatlon tedhnology^ but In pioneer 
technology as well" , . . 
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Madhlda concludea hia overview aBsertlncf that the "Intaljtoent rgbst 
is representative of the leading edge of teehnology produots'yand tha^ 
"the growth of the Industrial robot Industry wUl bear eloqiie|lt teitl'^ 
mony to our strong international oompetitlvenesa even in therarea of 
statp=of*the-art technology"* These vlew^ refleet the Japanese 
attltiide of placing major stress on the export of IntelHgent Robots 
as proof of Japan's creativity* 

Returning to the estimated demand foreeaist* the Ifnost substantial 
growth through the eighties wUl Be the intelligent robots / Playbaok 
and NC robots wUl grow at an aaoelerating rate in the flBst hif of 
the decade* but should slow down in the seeond .h^. Variable 
sequence robots wlU also grow slgnlflcantly In the first 4ive years but 
level off ip the second five years * The manual manipulators and fixed 
sequence machines show growth but their total sharp ot- output will 
decline significantly in value terms* Thus* in 1974, the sophlsttcated 
robots constituted 10* 81 of total value; in 1980 26* 4i,/in 1985, 41%, 
*and in 1990, 4S|* 

In terms, of production, the two process'es cert4in to grow through^ 
out the decade wHl be assembly and Inspectlpn and /measurement* probably 
at a rate of almost 401 annually* Spot welding.* mc welding* and machine 
loading will ^continue to grow but at .a decaleraUng rate* Spray planting 
should malntaih continuous growth* In 1985 the production process for 
which robots are produced have been estlmatad ^ follows (in % of value) * 



1) 


Assembly 


/ 21*7% 


2) 


Machine Tool Proc 


ess 13*1 


3) 


Arc Welding / 


10.5 


4) 


Inspection / 


10*0 


S) 


Spot Welding / 


7*5 


6) 


Spray Painting/ 


5.0 


7) 


Molding 7 


3.3 


8) 


Others / 


-28,9 



» ^ How wHl the U*S. and Japan compate in the future? Using the U, Si 
definition of robots the following table^Jncludes the latest estimates* 

TABLE 15 

y * S * - Japan 0amparison 
Industrial Robots/(U*S* Definition) 



1980 
1985 
1990 



U*S*" 

1,269 
5,195 
21*575 



Units 



3an 



p200 
3X,900 

.450 



Value ( mnUon S) 



U*S. 

100*5 
441.2 
1,884*0 



Japan 

180 
2*150 
4,450 
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This im probably the b@§t astlniate of the future, assuining a CQntin- 
uatlon of those "Slements presently at work In eaeh country. If we learn 
anything from history, it is that the future Is never a simple continua- 
tion of the present. Therefore, hopefully the estimates remain "tentative 
and preliminary". 



FOOTNOTE: While I alone am responsible for this report and Its con- 
clusions, many others provided assistance* In partleular, Mr* Karl Kamita 
of D^wa Securities ably researched and translated numerous articles 
on rbbbtlcs"in Japan* The works of Mr, Yonemoto of the JIRA , Mr* Machlda 
of the Long ^erm Credit .Bank of Japan , Prof* Ueda of Na^ggya University , 
and Mr* Engelberger an^Mr* Tanner, two "veterans" of U*S* robotics, 
not only added to my fund of knowledge but greatly influenced my 
thinidng* 



Paiii H, Aron, 
EKeoutlve Vice President 
Daiwa Securities America Inc, 
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INDUSTRIAL ROBOT TECHNOLOGY AND PRODUCTIVITY IMPROV 

s)mmm% S. Album 
Industrial Symtems Division 
National Bureau of Standards 

Robots have received a great deal of publieity reeently. 
The moVle "Star Wars" and several television series much as 
"The Sii Million Dollar Man" and "The Bionic Woman" have 
raised the eonsclsusnemm of ?^the public to the subject ©f 
rbbots. The enormous influx of foreign cars manuf aetured in 
part by robiits has aroused "auiarenems of the press and many 
politicians to the fact that Tpbotm can f have a pro.found ef- 
fect on industrial productivity. Many, people today believe 
that the r.obot revolution is well under way* that factories 
are full of armies of highly intelligent rebotm* and that 
human workers are being displaced in drovem. The facts are 
quite different. 

First of all* there are only about 3000 robots installed in 
the entire country* secondly* the great majority of these 
are quite primitive/ with no capacity to see or feel or 
respond to their environment in any signif^^ ^ 

Most people think of a robot as an android* which walks and 
talks, seem and feels, and looks much like C3P0, or at least 
Real robots are much more primitive. In its f amplest 
. form a robot im nothing more than a mechanical, device that 
can be programmed to perform some useful act of manipulation 
or locomotion under . automati c control. An industrial robot 
is a device that cin be programmed to move some gripper or 
tool through space so as to accomplish a useful industrial 
task. 

These robots are typically programmed by recording each task 
as a series of points in space, ^ This recording is then sim- 
* ply replayed whenevef the task is to be performed. 

^ This simple procedure is adequate. to perform a surprising 

number of industrial tasks, from spot welding automobile bo-- 
dies, tending die' casting machines, loading and unloading 
machine tools and presses* spray painting, and per forming a 
wide variety of materials hand I ing tasks. 

Even arc welding can be perfo^ed by a robot which can nei== 
ther see nor feel, so long as the parts to be welded are po- 
sitioned in exactly the right place, and the welding parame- 
ters are controlled by some automatic system. 

* .However* the jreat majority of industrial tasks are beyond 
the capacities of present day robot technology. Most tasks 
are too complex and unstructured* or involve too many 
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uncf rt3in%i#s* ©r T*#quirt too much ability to and 
and ad#pt to Ishdnging circumstan€#m. Before robotm can mig— 
' nificantly impact productivity of the ecoriomy mm m uiholsj 
they must be used_in hundreds of thousandm and even millions 
of applictions. Thim tyill not be possible before a large 
number of technical problems are solved, 

TECHNICAL PROBLEM AREAS ' 

One of the first problems im accuracy. Robot positioning 
"accuracy needs to be improved. Although the repeatability 
of momt robots im on the order of 050 inch over its work- 
ing volume Cand in some cases as good as .005 inch)> the ab-^ 
solute positioning accuracy may be off as much as Q. 250 
inchf or even O. 500 inch in some regions of the reach en-^ 
yelope. Thus* it is not possib le to program a robot to go 
to an arbitrary mathematical ly defined point in a coordinate 
space and have any assurance ^that the robot lyill come closer 
than a half of an inch. This creates major problems in^pro^ 
grammlng a robot fro^ a computer terminal* or in transfer^ 
ring programs from one robot to another. Each robot must be 
taught its program separately by leading it point by point ^ 
through its job# a tedious and costly task. 

Fresumably# this accuracy problem could be solved through 
closer robot manufacturing tolerances* although not yiithout 
cost. Alternatively* calibration procedures such as illus^ 
trated in Figure 4* might alloui eac^ robot to offset ^ts 
off-line progVam points to compensate for its mechanical . 
inaccuracies. However* no efficient methods of robot cali^ 
bration have yjtt been developed* and robot control softujare. 
is not presently designed to use calibration tables for im™ 
proving absolute posit ionlng accuracy . Until this absolute 
position accuracy problem is solved* robot assembly in the 
small batch environment will fre uneconomical. Teaching a 
robot every point in the trajectory of a complex ^ssembly 
task is a time consuming job uhich may take many times 
longer than uiould be required to perform the same task by 
hand. Thus* using a robot for small lot batch assembly can™ 
not be economical unti 1 sof tiyare can be efficiently produced 
by off'-'line progrdrnming (i.e.* programming from a computer 
terminal ) . _ _ . _ . 



Secondr dynamic performance must be improved. Present day 
robots are too sloui and clumsy to effectively compete ujith 
humaii labor in assembly, Two possible esiceptions to this 
are in arc uelding inhere speed is governed by the yelding 
process itself j /and spot yielding uihere the task corresponds 
to moving a heavy uielding gun through a simple string of 
points in space — ^ a procedure uihich the robot is particu^ 
larly adept at executing. Houieverj If robots are to perform 
other types of assembly and construction tasks* they must be 



65 



64^ • Exploratory WofkBhop on the Soctai impacts of Rototips 

- \ 



able ts execute much more complex rsutints with muc h greater 
graee» d#it#rity# and speed thin they art rioyi ea^^pable of, 
-Contt*0i mystems need to be alternittlyf stiff and eompliant 
along different amem In %pmcm Cuhich do not gener^^lly cain^ 
eide uiith joint coordinates). This req^uirem mu^h more 
phiiticated cross— c oup ltd servo ^ control coffiput#t=ionm than 
are prem^ently employed. ^ 

Furthermore# robot structures eri typicaily qgit^^ massive 
and uniiiieldly. Most robots can lift only about mt\^m tenth ^ of 
their oyin uieight. Many cannot evin do that. ^ Nt d^aechanical 
designs using light lueight mater iili such as carb^r** fl lament 
eppxies/and holloui tubular conmtruction are rie«£Sed. Ad^ 
vanced control systems that can tikt advantage ef ^^uch light 
ineight structures and high speeds uill be a major research 
project. — 

Much also remains to be doTie in gripper demign. T^ypically* 
robot hands consist of pinch— jaw flfipptrs with outlay one de^ 
gree of pfreedom^^ open and shut. Oontramt this uith the 
human hand which has five fingers* tach yjith foui* degrees of 
freedom. No robot has come clost to duplicatinfl pf^mm dexter- 
ity of the human hmnd# and it is fiBt liNtly that^ ^ria^e will in 
thiV c ehtur yV Certainl y j dt m ttrdu s - hands itf i *fita j ointed 
fingers for industrial roboti arra long way in *,te«e future. 
' The problem is not so much in building such a ff^aechanical 
structure* but in controlling it. No one has an^^p idea how 
to. 'design control algofithms to fnilit use of such c^omplexity^ 
and very little research is being done in this si'^aB. * 

Third j sensors of many different types must b# ^^^^peveloped. 
Robots must become able to see* fill* and sens^ tfi^^ position 
of objects in a number of j^ifftrint ways. Pfoc^^sslng of 
visual data must become fastif and be able t^ determine 
□--dimensional mhapes and relatlonihips^ Robot prl^^pers must 
* become able to feel, the preitnct of objects #nd sense the 
forces developed on those objectt/- Proximity s#rs3sors are 
needed on robot fingertips to ifiable the rpbot measure 
the final few millimettrm b^efore contacting pbjfct^&. /Longer 
range proximity sensors are needtd on the robot arrwi to avoid 
colliding with uneipecttd obstacliS. Force and t^^uch sen^ 
mors are needed to detect and measure contact ^^^orces. A 
variety of acoustic^ elec tromagnfticj optical* ic^^^-ray* .and 
particle detectors art needed to itnse the presences of vari-^ 
ous materials - such at metalsi firromagneticf* plastics* 
fluids* and limp goodsi and to detict various type^s of flaws 
in parts and assemblies. Both thf sen'sit^g devices ^".^ 
software for analyiing sensory data represent r^^search and 
development problems of enormous niignitude. 

Robot sensors is an area where thift is much res 
tivity/ Robot vision is by far the mds^^^ 
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topie* «nd Iso probably ^hm mo#t difficult* A computer 
must tf©#t_ m_ ylsusl image am an array of brightness dots 
cfUid pictuwT^B #lewents# or piiiels. A typieal ^c#n# may 
ca^ist from 14 thousaTid tfa^over m miilion pixels. In^ 

tifpretat^ftfi of such a large volume of data is an enormous 
taili eV^n ^ f or a high speed ^cbmputer. . 1 1 of ten takes iiiaTiy 
ii^onds to %m everal minutes to analyme a single picture by 
eomputer. ^" Th i^ is far too sloui for the robot to "rempoTid in 
i tim#ly f^%M hipi% to what it sees. Various .tricks are used 
to ipe#d ug this response time. One is to illuminate the 
fCtnt hat the objects appear as black and uihite 

filhouVtte^. Another / is to assore^that no tuio objects of 

inttrest tf^w- ch' or^verlap. ^ HeyjeveT'f evitn under such artifi^ 
ciil ci"rciim- ^stances robot vision is a very eomplei problem ^ 
and subject to many difficulties; Buch techniques obviously 
iitnit the Vis -©'of robot vision to a foui select applications. 

Othtr robots sensory inputs such as touch and force appear to 
bi §lmpi©r li prinfciplef . but much less work has been done in ' 
thist afe#^. . , - - ^ 

FDurtht coitt =Tfol syst^ems are needed which can take'' advantage ^ 
of mophlPti cated sensory data fro% a ' large number of dif=- / 
fiftnt tgp^f i of sensors simultaneouslyv ; Present control 
iyittms ai*t * severely limited in their ability to modify a^ 
fobot's beha avior in response to sensed conditions/ Robo^' 
coriti*©! sy^t ^ems need to be able to accept feedback data a> # 
variety of 1 -evels of abstraction and have control loops wi^h . 
a variety e ^f loop delays and predictive intervals. Bee f^r 
ixafBple/ Fig .ure a. Sensory data used in . tight servo loo^s 
for high i ^peed or high precision motions mus^t be processed 
inJ introduc /red into the control system uiith ^delays of /no 
(Tiori than m feu milliseconds. Sensory data used for detfct-- 
ing the po^i ^tion and orientation of objects to be approached 
inuit be aya^ilable mithiii hundreds of milliseconds. Sensory 
diti needetf for recognizing the identity of objects o-^: the 
filitionship ■ betuieen groups of objects can take seconds. 
Control sy^t^^^ems that are properly organiied in a hierarchi-- 
eal PashiPtf so that they can accommodate a variety of serfso^ 
ry delays t?f — this type are not available on any commercial 
f ob©t: . 

^ ■ 

F if t hi rob ^ c o h t r o 1 systems nee d t o have m u c h m ore soph i s^ 
tieated itit^ernal models of ^ the environment ii^ which they 
work. Future^ robot control systems uiill have data bases 
similar t^ those generated by Computer—Aided— Design <CAD) 
lysttmSf arid i used for' computer graphics displays. These can 
diiEribe ae three dimensional relationships of both the 

morkplace #n:sd the uiorkpieces. Such data bases are needed to 
gintratt ^pectations as to ujhat parts should look like to 

the vis iori s^ys tern* or what they should feel like to ^ the 
touch sen^fc^rsj or where hidden or occluded features are 



Is^ated, EytntUilly* lUch intirrifl (fi^^^^lm might h% used in 

the autamatie gtneratio^^ gf rebpt i^^^^yjarei f^^examplei by 

dgmerlbitii Nw i finimh^d siitmbly #h^ui^ld Isbn/ or #ven houj 

©ach stagt of in atmtiiiMy ot* eonstrg^^iaon tas^ sh©ul d appe 

in ^^equencer J / 

SiVthj techTiUuei for dt'^elopini r^yo«t moftufan© must be 
yamtly impT^oytd, Pt-egrartf^ing-by-tM^lf iMrtg i s impractical for 
srn^lvl lot pToductiani ffmp^ciilly complex tamkm where 

s#n#5ry intifaetion aTivelvfd. S^&op f leor permonnel un- 

skilled in CQinpgterm be ablr to ^ni-ist^uct rsbotm in uihat 

do . and what to ifi»k for In fri^Miang sinsory dedimion#. 
Eventually, it will nt« eiiary to hV^^We a uihole range ©f 
programming Unguagfrn fl»id debuggitifl t^oolm at each level of 
the mensory^centrai h4e^^^?*eKy. The «#Vwelopment of compilers 
and interpTtttrs anq e-^htr toftui#T^# development toelmi am 
uiell as tec:hni^uem #01- ing usi of l^nmouiledge of the en^ 

vironment dii!ivt4 fr^ni a te^umbtr ef d^f^^Verent mensorm and CAD 
data^base'& aft research ^opiei that Uji,i£Ll require hundreds of 
person--yea^§ of highly %^mtm^ moftuiarg- talent, ^ 

Seventh. ihtiffiCet n%#d ttb bt di^^^^ in some standardiied 
uiayi mo thit largt riu^to eri of rob^^i machine tools* sen- 
sors* and ebntroi cofflpute^^s can be c^T^Ttr^eeted together in in« 
tegrated myitifns. Tftflrfs in the *s,i = ld of computer-aided- 
manufacturifig are toui^f^rf diitribyt^da computing systems 
ufherein m lifge nufftbt^ eomput^t^i»i fobotsj and machine 

tools all intffact and c^aptfatf m% ^n n integrated system. 
This creatis inermoM# SoftUJaft pTO^lJ-ems/ Particularly in * 
the case mh ire itnsora uiid to ^m^lM^t variations in the 

environment ind to modify tht eontT^^l J. output to compensate 
for those vafiationii *h# softujire caiy l become eitremely dif-- 
ficult to mr^ti and vift*jwlly impossiS 1^ J.e to debug. In order 
for such syftiflii to w^fk alli it 1^ ? necessary "to parti- 

tion the contfol pr^bjwm into moduirer components and then 
develop inttrfaee standa-feas by which ^h^mm various system com^ 
ponents c^n gommunicate teiith taeh o^hi'sr.^ See Figures ^ and 

" , . „ A . • 

It is often flit that #t#r-idardi are inhibiting influence 

on a neuily divelopinj ^& eld th#fe tl^hey impede innovation 
and stifle CQmpititien, Cn fact* Jgs^ ' the opposite is true/ 
Well^chosen interface m^wndirdB pri&fnQ^ti^e market competitioni 
technology divilopmenti tiehnolo9y ' transfer. They make 

it possible for* many ffliffirint rn^nisuf^cturers to produce 
various eompsnints of dio^ii^ lat^ sy it enis. Standard interfaces 
assure that multivendof syttiffls taO-^l f i ItegeWer" a^ 
operate corTictly. Ind iv^ti dual module^ i can be optimized and 
up^Tm6m& without makitir te^t entire Sy s-atem obsoleter- Inter^ 
face standards also mane i^* posiible #or^r automation to be 
introduce^ inc?*©mentai 1^ ^ — .ent motful*^© at a time. Systems 
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» ean be mad© upWrd' compatible and aotgm^ttd pieceuilse, 
Thym# userm can test tht' automat ion, matferm graduaily« 
. uiithout a, la^rg© Initial capital barrier.^ 

• Elghthi fn^ny potential TBtb4t a^jpl i cat ionm require robot rtia- 
. biMty. Momt robott toy^ b the floor or to a 

tjbletop. Small robot^ carf re'aeh , only one or two feet while 
larger ones can gr,asp objec-tir nine or ten feet away . But 
many appliclationm need r«botm which can marieuver over much 
' larger- dimtancts> For example* a robot umed to load a 
machine todl typically spends most of its time waiting for 
the machine tool to finish its operations. Sbmetimes a s^n-- 
gle robot can be pofitioned between two or inore machine 
tbols\ so that it ean be more fulig utiliied. However^ this 
leads to severe crowding of the work environment and in many 
cases is simply not practical. There are a few applications 
.3^^ in which robots have been mounted on rails so that, they can 
shuttle between several machines. Unfortunately* to date 
^ -this has proven too expensive and cumbersome for wide, scale 
.;. "'Vse.'^ ^ ' : \ ; ^ ■ ; - k ^ ^ 

* ' ' ' , . - . 1. ■ ■ ■= 

In maf(t applications* particularly in arc welding of large 
stfucitfures Jik© ships or buildings it is not practical to 
bfini'^tieS^^o^k to the Tsobotr the robot must go to_.the wor k* 
sometlm^es V over distances of many tens of feetj One eitample 
is in: the construction of large machinery' such as road 
bu.iVding equipment. ^Another example is in ?thp building of 
ships. A good sfi i p building robot wou^d be able to maneuver 
inside odd shaped compartments* cl^mb' over ribs and bulk- 
\ heads* itafe the side of the ^sh i p ^ s^ull * and weld seams 
several huTidred fteet in length. stmilar mobility require- 
mentm exist in the construe tlon of buildings. Construction 
. robots wril need to be able to manuever through the clute 
tered environment of a building site. In some cases they 
wiil need to climb ^talrs* and work from scaffolding. . 

Robots willv also be use^:4nr:undersea. exploration* drilling# 
and mining. Robot 'vehicles will someday explore the mocn' 
and planets- WThese will require significant 

new developments in mobility mechanisfns, , 

Robat'mobility in the factory using rails* carts* oiv^^^over- 
head conveyers is. a relatively simple problem that undou^t-r- 
edly:U4ii^ill bev solved In the decade of the 1980/s. Robot mo- 
bility on the^ construe tion site% under the sea* and,. In ®^*^r. 
* space however* is another -issue entirely , The sensot** ---^-^ 
processing* and control problems associate^d with the 
. pects of robot mobility will .require years of concen 
research, ' ^ _ ' * * 

Fo^^yie most part* these eight problem areas encompas 
scientific issues and engineef^lng* problems whi 




r#qoir# inuch i^ore research and development. « It may b# pos^.. 
fiible to improve the mechanical accuracy of robqtsj #nd to 

- improve servo performance uiith little more than careful en- 

gineering. But much more ftpndamental research and develop-- 
ment will be required before the senmor# control* internal 
ffiodelingi softuiare generation* systems interface* and mobil^ 
ity problems are solved. Much . remains to be done in sensor 
.technology to improve the performance* reliabilityf and cost 

^ effectiveness of all types of sensory transducers. Even 

more remains to be done in improving the speed and sophisti- 
cation of sensory processing algdrithms and mpecial pyrpose 
harduiare for reeogniiing features and analyiing patterns 
both in space and time. The computing pouier that is re^ 
quired for fish speed processing of visual and acoustic pat— 
terns^ lyill |a/en require new types of computer arch i tec ture. 
\ ' ' - ' - -V ^ ^ : ; ■ . ■ ^" : ■■ ^ ■ ' J 

Bentory^interac tive control systems that can ^ respoHd to 

* various kinds of sensory data at many, different levelp of 

abstraction are still very much in the research phase. 
Current commercial , robot control systems do not even alloui 
real-^time six-^aMis incremental movements in response to sen- 
sory data. None have ^convenient interfaces by which sensory 
data of many different' kinds can be introduced into the ser-- 
vo loops on a . mi ilisecond. time, seal t for. true real retime sf n-^ 
sory interaction* None of the commercial robot control sys^ 
terns have anything approx imating CAD data bases or computer 
.graphics models of the environment and yjorkpieces. Finally* 
current programming techniques are time consuming and not 
capable of dealing with internal knowledge or sophisticated 
sensory interactions. 

jhese are very complex problems that will require many 
person-years of research effort. It is thus not surprising 
that the robot applications are still extremely limited. 

WHAT LIES IN THE FUTURE? 

" ^ ■ - \ .:.;/. 

All of the problems listed above are amenable to solution. 
It is only a matter of time andV expenditure of resources be- 
fore sensors and control systems are developed that can pro-* 
duce dexterous* graceful* skilled behavior in robots. Eveh^ 
tually* robots will be able.to store and recall knowledge 
about the world that will enable them to behave intel I igent=- 
ly and even to show a measure of insight regarding the spa-- 
Q tial and temporal relationships inherent in the workplace. 
High iOrder languages* computer^aided^instructionf and so^ 
phisticated control systems will eventually make it possible 
t^ instruct robots using much the same vpcabulary and syntax 
that one might use in talking to a' skilled worker. 



There fs no question that given enough time and resources 
robotics will eventually become a^ significant factor in 
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in^yeaftirti produc4ivity iti indumtr ial prodoc tion. Th© ques* 
tion is; Hsyi much tlmt and houi mmn^ Tm%ouTce% will b# re-- 
quired iiefbrt this b#com©m # reality^ ' 

Zn my opinion more than m 'few tens o# millions* and less 
than a ftw hundreds o# mi 1 1 ions o# dol lars for research and 
development uiill \e required to make robots capeble of ^er^ 
forming a sufficient number of tasks to fnake significant 
productivity improvements^ in industrial manufactyrijfig. More 
than few hundred and less thaii a few thousand person- 

years of high level scientific and' englneerini talent will 
be needed before robot software of sufficient compleiity can i, 
be generated econemicallT^for small lot batch production. 
In other words* a national research and development effort 
of at least onei and ^ perhaps two* orders of magnitude 
greater than what has been ^one to date will be required to 
produce a significant impact on industrial productivity. 
And more than just total dollars spent is important, Robot-^ 
ICS research is systems research. At least a few stable* 
conslstantly well funded research centers of e^tcellence will 
be required. 

The questions then are: " _ 

"How.f^st are we progressing along the road to the solutions'?'' 

and 

"Who are the researchers that are leading the way?" 

- ■ p^ . • ■ - ■ 

In the United States there are four types o^^research la-- 
b bra tor i em: . \ : ' ^ 

1, University 

a. Non-'profit . \ 

3. Private Industry - \ 

4. Qovernment ^ 

UNIVERSITY RESEARCH 

Among the pr inc ipal universi ty labs are: 

Stanford University : The robotics effort at Stanford is of 
long standing. Tom Blnford has been doing p loneenlng work 
in three-dimensional vision for over a decade. His students 
have developed one of the most advanced robot programming 
languages available today called AL* for Arm Language. The 
Stanford artificial intelligence lab has produced a long 
list of ground breaking research projects in manipulation* 
hand-^eye coordination* and robot assembly, Stanford is 
presently working on robot vision* a threes-fingered hand* 
force sensing* robot programming languages* and geometric 
modeling for vision and programming. They also have a 
cooperative program with Unlmatien for robot mobility. 
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standard r«c«iv*d about «00K in FVei frsm NSF. Th#re are 
about 14 graduate mibud©nts lyorking en varioum projeets. 

MIT ham had a major>r©b©Wcm ©f -Pert at l#amt am long as 
Stanford, At presinti Danny Hi 1 11 m and John Hoi 1 erbach mrm 
building robot skiTi made thin mh#etm of rubber lined with 
tiny lyirem that ieteet: premmur©i^ Thome are being umod to 
give rsb^tm a menme of touch. MIT also im active in robot 
vimion and pnosramming langgagos. Tom Bhoridan ©f MIT im 
ujorking on Supervisory Csntrel of Teleoporatorm. This work 
is eurrently directed toward yndersea work and is partially 
funded by ^Naval Ocean Symtemm Center in San Diego, Total 
MIT funding is around one. million per year. Office of Naval 
Remearch provides approximately TOOK of thim amount. 

Carnegie-Mellon University ham recently formed a Robotlcm 
institute directed^ by Raj Reddy with funding from Westing- 
houmei PNR, DARPA and other industriai mponsorm. The Inmti-^ 
tu.t#^has programs in flexible assembly* machining* sensory 
systems* vision, mobility and intel 1 igent my stems. In itm 
lemm . than two years ^af eximtenee the Ipmtitute ham recorded 
mignificant achiec^lhients in the expanmibn of senmory capa- 
bilities of maehihes* ' the integratioti of several machines 
into eells carryingi but complex tas^ksi the application of 
vimlon and opttesf to V wide ra^ the 
development of new robot mechanisms* and the application of 
artificial intelligence to the management of evolving intel^ 
ligent technologiem. Total fund ing is over *3 million* mak- 
ing it one of tKe best^ funded major university projects. 
Office of Naval Research contributes approx imately ^OOK per 
year to Garneg i e^Mellon Uni ver m i ty^ ^ 

^ ^ . ■ : " ' ^ " . • ■ ' ' 

Rhode Island Univermity has an impremmive effort directed by 
Jbhn Birk on general methods to enable robotm tuith vision to 
acquire, orient, and transport workpieces. The Rhode Island 
robot wam the first to pick parts out of a bin of randomly 
oriented parts, ' Rhode Island i^also doing work on dex- 
terous robot gripperm and robot programming ianguage#^ 
Funding fVom NSP is *210K per yea^ and from indumtrial aff i-- 
liatem* about *750K per year. 

Univermity of Florida under Del Tesmar im doing work in 
teleoperators* force feedback* ^pd robot kinematics and 
dynamics- Funding from the Department of Energy* NSF* and 
State of Florida amountm to about SI million per year. 

Purdue University is doing research in ^ robot control sys- 
tems* robot programming* languages* machine vision* and 
modeling of part flow through industrial pAants/ Total NSF 
funding. to Purdue im about *40OK over a four year period. 

A number of Univers4Wes have smaller robotics effortm* . or 



effoVtm in related areas. 

Th© University of Hasmachusettm is doing uiorN in visual 
terpretation ©f natural scenes and demign of parts for ao^ 
tomatic. assembly. C*125K per year) th©y have just >r^eceived 
an NSF grant for *157K to study "Economle Applications of 

Asme^bly Robots". ^ 

. . . ..... . . .. 

University of Maryland Computer Vison lab under ^iriel 
Rosenfeld is doing uiorJc on a number of image procemming^.pro- 
^^cts including robot vision and methods for uming yJjsual ^ 
Jeti^uiledge in interpreting images. Cover *1 Milliort^per 
year ) 

University of Rochester under Herb Voelcker if. developing 
advanced methods of representing three dimensional shapes in 
a computer memory^ The result of this work is a computer 
graphics language called PADL uihich is prof ound ly influenc- 
ing the uiay future computer graphics systems ,are being 
designed. Much of this is being done with NSP funding. 
<*85, 576 in FYBl > r 

Renmselear PolyteGh Institute under Herb Freeman im also 
studying the generation of computer models /Por three-- 
dimensional curved surface bbjects7 €*9BK) ^ " 

UniYersity of A^^iona is doing teleoperator' work. <^113K) 

University of k^sconsin is doing work in machine vision. 

Ohio State University under Robert McQhee is working on 
dynamics and col^trol of industrial manipulators and legged 
locomotion systems, <*125K from N8F) DARPA has reeently 
funded McQhee to build and test a man-carrying, walk iog 
machine. This project is funded at *250K in FVBl and *630K 
in "FYS^, Battelle Labs are cooperating with Ohio State 
University in this effort. 

University of Illinois# University of Fennsy Ivania* Un iver- 
sity of Washington; and. the University of Texas all have 
small research projects in rQbotics# and robot related work. 



Total National Science Foundation funding/ for university 
research in robotics and related fields is on the order of 
♦5 million per year. Additional university funding from 
other sources such as industrial affiliates and internal 
university funding mayrrun another *4 million per year. 
University research tends toward smal 1 pro jec ts of one or 
two professors and a few graduate students. the Average NSF 
grant in robotics and related fields is around 4150K per 
year« --...^^^^ 
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Although support Of university resMrch by industry is on 
the Timm* it is still small by European or Umpmnmmm stan-^ 
dards. University efforts tend to be fragmtTitBd* progress 
is sporadic^ and the issues addressed are often, unrelated to 
the problems of industrial manufacturing. 

NDNPRDFIT LABS 

C. B. Draper y^bs with Jim Nevins and Dan Whitney have been 
studying part^-mating science and assemb ly system design for 
a number of years. They have performed a variety of assem- 
bly experimentSf studied tht use of force feedbacki and 
developed a theory of the use of passive compliance in 
part-'mating, PvmpmT has also done economic modeling for 
designing industrial systems' and real-time simulation of 
the space^ shuttle remote manipulator system for NASA. NSF 
funding is about seoOK per year. Draper also has a number 
of industrial clients for whom it performs design and con-- 
struction of advanced assembly systems. Total funding is 
about »1 Million per/ year. 



SRI International has an extensive robot research program 
thaA ^ates back to the eHAKEV Artificial Intelligence pro-- 
ject that was funded by ARPA in the late I960 's. Presently 
SRI 's' program is head by David Nit 2 «in: Emphasis is on 
machine vision for Inspfec tipn and recognition. Some very 
sophisticated robot vision research is being done on over^ 
lapping parts using structured light and a combination of 
binary and gray^scale vision, Worlr is also being done on 
printed--circuit board inspectioni programmable assembly# 
vision-guided arc melding^ and semiautomatic process plan-- 
ning. Funding from N8F is about f350K per year uiith about 
#350K per year from industrial affiliates. BRI was the 
first robotics lab to develop an industrial affiliates pro-- 
gram- Office of Naval Research contributes approM imately 
eSQK for research in communication and negotiation betoieen 
cooperating robots to distribute their lyorkload. Additional 
ta50K per year funding from NSF started in August 1981 for 
uiork on pr inted-circuit board inspection. 

PRIVATE INDUSTRIAL RESEARCH LABS 

Qeneral Motors has established a major robotics research ef^ 
fort at the ©. M. Research Labs in Warren Michigan. They 
have concentrated on vision and have produced a new robot 
vision system cal led "CDNSIQHT". This system has a unique 
method for obtaining silhouette images of parts on a con 
veyor' belt that does not require back lighting and is not 
dependent on contrast between the part and the belt. Gen- 
eral Motors is also interested in small parts assembly by 
robots and automatic inspection Several years ago they 
contracted with Unimation to produce the PUMA roboti a 
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mmalli aceUTste* CQmputer controlled robot designed for am— 

^ - ' . - . ■ . ' 

General Electric is becoming very active in robot remearth. 
Q. E. hm% m- mubmtantial remearch effort in robot #msembly#\ 
robot vimionr robot controllers and neui VLBl micro circuit 
technology. They have designed a very impremsive laboratory 
robot mhich embodies a number of innovative conceptm. E. 
almo has a robot demonstration facility, uhere they have one 
of almomt every robot manufactured taday. Am a part of this 
facility they offer courses in robot programming and appli"" 
cationm engineering^. E. ham dls© announced intentions of 

marlieting the Italian PRAQMA robot in thi4^ country under the 
name of ALLEQRO# as uitll am the Hitachi Process Robot. 

Wemtinghou4e ham establimhed a produe tivity center in Pittm-- 
burgh with a robotics research lab containing 15 robots of 
all different kinds. Thim center supportm Carnegie--Mellon 
University ttjith «1 million per year grant for manufacturing , 
research. Wemtinghouse also has a comt sharing pro ject islth 
NSF called APAS for Adaptable Programmable Assembly Symt em. 
Thim remearch project will be complete in 19B2* It ham been 
funded by NSF at about *500K per year. Wemtinghoume almo/ 
ham a RSfD center which is working with the Univermity of 
Florida to assems what teleoperat or technology im needed ^or 
nuclear power plants. 

IBM has been involved iif robotics remearch for a number of 
years. IBM ham developed robot programming languages called 
AUTOPASB and EMILY and ham studied the problem of robot am-- 
membly. IIM has also developed itm own; robot which it umem. 
in itm owrv manufacturing operations. All ©'P the IBM robot- 
icm effor© is internaliy funded %nd details of the projects 
are not available. ^ 

Teias Instrumentm alme ham developed a robot which they use 
for assembly' and testing of hand calculatorm. No details of 
this effort are available, 

Martin-Marietta hat a robotics effort directed primarily to- 
ward /JABA and DQD interests. They are working on automated 
diagnosim and checkout of avionics* cockpit simplification* 
and various autonomous devices- Martin im almo mtudying the 
speed requirementm for spice shuttle manipulatorm#^^ coordi^ 
nate transformations* and two arm coordination. Funding im 
about ^3 million per year. 

Automatix im a mmall new company with a heavy empbasim on 
robotics remearch. Robot vimion* microcomputer control mym-- 
temm* and appli^ationm engineering in arc welding symtemm 
are their main target aream. . ^ 
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Hachine Int©liig#fic# Corporation is another small coinp^ny* 
mhome teehnical mt«f f includ©© th# principals who pioneered 
Tpbot yimion a% SRI ^Internat iana4. Machine intelligence 
Corporatian manufactures computer vimion mystems to be in*^ 
corporated into turnkey inspection* mater ial^hand 1 ing and 
amsembly systems. In cooperation uiith Unimat|on Corpora— 
tioni they have dtveloptd the Univision systemf the first 
commerc la ily^ava liable "seeing " robot* marrying an advanced 
vision system with the PUMA robgt# programmable under a spe-- 
cial language "VAL"\ They have an NSF Small Business Inov-- 
fiovation grant #or research on a method of' person/robot com^ 
municationf ^ to permit prDgrainming a robot tuithout need for a 
professional programmer, 

ROBOT MANUFACTURERS , 

The major rptot manuf ae turersf_^^ toursej also eonduet a 
substant€al amount of researchT^jUnimation is working on ad- 
vanced control sy stems* calibration techniques* mobil ity 
systems* and programming techniques. 

Cincinnati Milicron has a research group ujorking on new con=- 
trol system architectures* programming languages* and 
mechanical design. 

Prab-Versatran* Autoplace* Advanced Robotics* Devilbiss* 
Hobbt* Nordson* Thermwood* ABEA* KUKA* Tralfa* U. 8. Robots* 
and perhaps ten other small new robot compdnies are all ag- 
gressively developing new and improved product lines. 

. . - ' - ' - ■■ ^ 

The level of funding for -refearch by the robot manufacturers 
is proprietary. However* based on the aggregate sales of 
about ^150 million for the entire U. robot industry* it 
is probably around ^IS million per gear and scattered over 
about twenty companies. One or two of the largest manufac- 
turers are spending around Million per year on research. 
However* it is doubtful if more than three manufacturers are 
spending more than^l million per year. 

QOVERNMENT RESEARCH ^ - 

The National Bureau of Standards i^^jursuing r^^earch relat- 
ed to interface standards* performance measures* and pro- 
gramming language standards for robot systems and integrated 
computer-raided— man^ufacturing systems. This work focuses on 
advanced conc'epts for sensory^interac t i v# control systems* 
modular distributed ' systems* interfaces between modules* and 
sensor interfaces to the* control systems of robots and 
mach ine tools. Funding #rom the Department of Commerce is 
about ^1. 5 million per year. 

The Air Force*-Integrated Computer Aided Manufacturing <ICAM) 
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prejeet ham funded s»y#r#l robot d©v#lppm#Tit mnd imp lemtnta- 
tiion projects. A CQTitract ujith Qeneral Dynamics introduced 
robots into drilling and routini applications in aircraft 
manufacturing. A contract yiith McDonnel l^Doug las r#mul t#d 
in a robut programming language based on the APT N/C tool 
language. A contract with kocNheed Qeorjia prsduced a study 
of potential future aerospace applications for robots. To-- 
tal funding was about *i million ^er year. This work im noui 
completed. Technical Moderniiation, a related program is 
presently funding Qeneral Dynamics to design several aspects 
of an automated factory. Funding for this i^ about *4 mil-- 
lion per year. Total ICAM funding is *17 mi 1 y on pet" M^a^ 
for computer based informationi planning and control* and 
systems engineering methodologies for increased automation. 
Estimated future IQAM funding for robotics is *2 million per 
year. ^ 

' ^ ' =t ' . . . . 

NASA has a numbe^r of small robotics projects at several of 
its cehters. JPL has a project in stereo visi©n# force 
feedback grippers. and the use of automatic planning pro- 
grams for mission sequencing applications. Langley Research 
Center is doing reseVrch on r ob ot , servi c Ing of spacecraft. 
Marshall Space Flight\center has developed a prototype robot 
arm for satellite reft>rblshing and is working on free-flying 
teleoperators/ Johnson Space Center is managing the 
development of the space shuttle remote manipulator systejn. 
The total NASA reseach budget for automation is about M 
million. 

The Naval Air Rework Facility in San Diego is funding the 
development of robots to remove rivets and fasteners from 
airplane wings*, to strip and repaint aircraft* and to per-= 
form ^ wire assembly. Total funding for these three projects 
is about *3 million per year. 

The Naval Ocean Systems Center is currently exploring vari-- 
ous military applications of robot and teleoperator systems. 
There are specific interests In teleoperated and robot sub=^ 
merslbles* teleoperated and robot land vehicles* teleoperat- 
ed lighter than air vehicles* — utidyrwater man-li^l^t^r-S y- 
Stereo optic and acoustic vision* remote presence* auto^ 
nomous robot knowledge repreientation and decision making, 
and . complex robot system specification and verification. 
These interests are distributed among sli projects funded at 
a tot'al of^aSOK per year. - 

The tot'al g overnment f und ing for robotics is about *10 mil^ 
lion per year. . 

OVERSEAS RESEARCH 



Overseas robotics efforts are considerably better funded. 
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Although #i3Ct figures are hard ta obt#ln# most knpiul#dge-" 
able, observers estimate that th© Jap#Ti#me ar# mpending from 
three ta ten tiniem as much as the United Statem on rebqt^cs 
and. related research. The Western Europeans are estimated 
to be spending from tmo to four timem as much as the 
Certainly the corporate giants of Europe and Uapan are 
heavily involved. Fiatj Renaulti Olivetti* and Volkswa^on 
have all developed their own robotSf and many other European 
firms are marketing a wide variety of very sophisticated 
robots. In Japani Kawasak i# Hi tach i* Yasakauiaf Fanuc* ^^d 
Hisubltshi all have major research laboratp,ries and are ag^ 
gressively marketing a wide variety of industrial robots. 
Fanuc has teamed up uith Siemens of Qermany to market a very 
competitive line of robots under the name Oeneral Numeric. 

■ - '-' - 

European and Japanese university efforts are heavily subii-^ 
diied by the respective governments and university-industry 
collaboration is very close. Many university research la- 
boratories are elaborately equipped yiith the most modern N/G 
machine tools and the best robots. Hany of these machines 
are dbhated by private, industry. Government support for 
salaries and overhead mikes it possible for the universities 
in Europe and Japan to sustain large and coherent resealrch 
programs, Even if the total U. 8. effort were equivalent* 
the lack of U^ SV centers of ^xcV^^ con-- 
sistent long term basis would put the U. B. at a serious 
disadvantage. The fact isj U. S. robotics research efforts 
are neither better funded, nor better organiied than thos^ of 
our overseas trading partners.^ The Japanese have made the 
development of the automatic factory a high priority item of 
national policy. European research is heavily subsidized by 
the government fAJtids. in both places robptics technology is 
treated as cruc ial to national economic development, 

IMPLEMENTATION 

In H^he United States at present* there are only about 3000 
robots installed, That^s less than the number of luorkers 
employed in a single factory in many companies. That's less 

— t he yra duating & ^a^^-— o^f— s^ m#-^4-g4t=sfch.oQ Ls=^n t,h i s^ cAurt^ 
try. Today* there is a bigger market for toy robots than 
for real robots. So at least for the present* robots are 
having almost no effect one way or another on overall P^*^^ 
ductivity in this countryV Today * robots are being produced 
in the United States at the rate of about 1500 per year. 
Predictions' are that this will probably grow. to between 
000 and 60* 000 robots per year by the year 19^90. In oth-^ 
er words the production rate is growing at about a factor of 
10 to 30 per decade. At that rate the U. S, will be lucky 
to have a mi 1 1 i on robots in operation before the year 2000. 
This means that unless there is some drastic change in the 
presently projected trends* there won't be enough robots in 
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aperation to hav* a migFilf icant Impaet on the overdll pro- 
ductivity of the nation'm economy before the turn of the 
century. ' 

Of course* there will be some specific #rea$ where the im-^ 
pact of robotm yiill be large. In areas like automobile 
spot^-uielding* robotm have already had some effect. By the 
mid 1980's there may be a significant effect on productivity 
^ arc welding. ' 

Arc^ welding is a hot, d irtyi ^ unp leasant job where the welder 
must wear heavy pretective clothi.ng and must work in the 
presence of m. mhower of hot mparks and choking smoke. Typi^ 
cally a human welder cannot keep his torch on the work more 
than 30% of the time. A robot welder* on the other hand can 
keep its torch on the yiork about 90% of the time, ThuSi 
even though the robot cannot weld any faster than a^^^mani 
it can turn out about 3 times as much work. . 

Unf ortunatelyi present day robots cannot set up their own 
work. That requirem a human amsimtant. ^ So th is reducem the 
productivity advantage, AlsOi the robot must be programmed 
to perform the welding task. Typically this takes much 
longer than would be required to actually perform a weld. 
Thus* unless the robot is used t© perform many repetitMns 
of the same welding task there is no, productivity gain. 

Of course* once robots become intelligent enough to assemble 
and set up th^ir own work* productivity will improve. Once 
robots become clever enough to look at the job and figure 
out where to put the weld* productivity will improve even 
more. Eventually* welding robots will be sufficiently so 
phisticated to work from plans stored in computer memory and 
to correct errors which may occur during a jbb. Welding 
robotm will then be able to work nights and weekends Cfour 
shifts per we#k) comp I etely without human supervision. At 
that point productivity improvements over present methods of 
many hundreds of percent become possible. Unfortunately* we 
are a long way from that today. There are many difficult 
r^seajch and development problems that must be solved first. 
Unless the level ^ of effort in software development is in 
creased manU fold* these improvements will not be realized 
for many years. 

Let's look at another industry* the metal cutting industry* 
where robots are already being used to load and unload 
machine tools. This is a relatively simple task* so long as 
the parts are presented to the robot in a known. position and 
orientation. During the 1980 *s* robot sensory and control 
capabilities will improve to the point where robots can find 
and load unoriented partSi or. in some cases* even pick parts 
out of a bin filled with randomly or iented parts lying on 
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- ^ top o# #aeh ether. This may improve productivity by hun^ 

dr#ds of percent b#c#uge it uiill make it possible to install 
robots in many exisiting plantm lyithout major re— eng inhering 
o4^ "p^oFuction ffl#th6ds. For exampl^# in conventional N/C / 
machine mhopm m. single machinist could set up several i 
machines uhich eould then run for extended periods gnattend- ^ 
ed. In some cases robot tended machines may run overnight 
and on weekends uiith^dut human . interveTit ion. 

By 1990 robots may begin to have a significant impact on 
mechanical assembly. There has been a great deal of 
research effort spent on robot assembly^ Unfortunately * tfre 
results have not been sprc tacular™y et\ On the one h^nd# 
robots eannot compete uiith classical so-"Called "hard automa- 
tion" in assembly of mass produced parts. Qeneral pui^ose 
machines like robots are still too sloui and too expensive to 
be economical for mass prod.uction assemb ly tasks. ^On the 
other handf robots cannot yet compete uiith human assembly 
uiorkers in small lot assembly. Humans are increlJibly adapt- 
able^ dejcterous* as well as fast# skillerff atid relatively 
cheap compared to robots, A human has tujo hands and ten 
fingers oiith armsj and shoulders mounted on a mobile plat^ 
form equipped with a total of 5B degrees of freedom. The 
human jas a fantastically sophisticated vision 'system and 
can be programmed to perform a yjide variety" b 
easily. Even in a relatively routine task such as the as^ 
sembly of an automobile alternator (performed at the C. 8, 
DTmpmr Lab# Cambridge/ HA)* test results indicated that 
robot assembly uiould be only marginally effective economi- 
cally even after every phase, of the task had been pptimiied. 

Nevertheless* progress is being made . and, wili continue- 
' Robot capabilities uiill gradually increa.se:^ Sensory systems 
uiill become more soph i sti cated ^and less e^cpeT^sive, The cost 
. of computing, hardiaare is dropping rapidly ana steadily uiith 
no sign of "bottoming out, Softujare costs are likely to be 
the major impediment to robot development for the foresee- 
able future, but even these are slotyly yielding to the tech^ 
niques of structured programming and high level languages. 

Eventually^ extremely fast* accurate* dexterous robots will 
be programmed using design graphics data bases uihich 
describe the shape o^ the parts to be made, and the confi^ 
b gurat'ion of the assemblies to be constructed. Eventually* 

robots tuill be able to respond to a laide variety of sensory 
cues* to 'learn by experience and to acciuire skill^by self 
optimiiation. Such skills can then be transferred to other 
robots so that learning can he propagated rapidly throughout 
the robot labor force, - 

'During the 19901s robots will probably eriter^ the construc- 
tion trades. Under the tutelage of a human master- 




^cra#t^lian# epprentict robots will ^carry building mmtmTiml%t 
lift mtid position yiall and floor panelSi cut boardm to %itmt 
and lay brlckf block^# mnd eventually stone. In the next 
century/ labor intensive building techniques C.usirtg roft^t t 
labor) may once _aa ain become practical. Homes« streets^ 
bridgesi , gar denT^ffd fountains may be constructed of sculpt^ 
ed stofiei quarried* cut# ^nd ammemb4ed by robots. Eventual^ 
ly# robots uiill mine the seabedi and farm the surf aces of 
the oceans for food and fuel. Andf of coursef robots will 
play a major robe in outer spacej ^"-^ in the construction of 
large space - structurem# in space manufacturing/ and in 
pianetary exploration. 

8ometinie# p^rfiaps around the turn of the century^ robot 
technology uiill^ develop to the degree necessary to produce 
the totaliy automated factory. In such factories robots 
mill perform most/ if not alii of. the operationm that no«ii 
require human -slcills. There ujill be totally automatic in^ 
ventory and tool management# automat ic mach iningj dssembly/ 
finishing/ and inspection fym.tejnm. Automatic factories mill 
even be able to reproduce themselves. That iSi automatic ^ 
factories uiill make t|ie components for other automatic fac-- 
tor i e^. 

Once this occurs* productivity : improvements uiiTl propagate 
from generation to generation. Each generation of machines 
mill produce machines less expensive and mor^ sophisticated 
than themselves. This mil 1 bring about an eiponential de^ 
ciine in the cost of robots and/ automatic factories mhich 
may equal the cost/performance record of the computer indus^ 
try. For the past 30 years computing costs- have spiraled 
domnmard by ZO% per year. Thisi at least in parti is due to 
the fact that computers are used to design* cbnstruct# and 
test other computers. Once automatic factories ^begin to 
manufacturji the components for automatic factoriesj the cost 
of manufacturing .equipment uiill also fall exponentially, 
This# obviausly/ ■ mi 1 1 reduce the cost of goods produced in 
the automatic factories. Eventuallyi products produced in 
automatic factories may cost only slightly mowe than the ram 
materials and energy from mhich t^ey are made. ^ 

The long range potential of totally automated . unanuf actur ing 
is literally beyond our capacity to predict. It Vmay change 
^very aspect of Indust'^ial society. Automatic factories 
that can operate without human labor/ and reproduce them—' 
selves* could 'lead to an entirely nem era in the history of 
civilization. 

Nom# in the light of the unprecedented economic pjptential of 
robots* I suppose I should comment on mhy the implementation > 
of this technology is proceeding ^so slomly. 




- I -- - _ ... ^ ■ • - 

?» \ . - . . . . . . , _ 

Fir#t, at least in th# US * fundirig for roboticm RScP has 
b##n v#Ty modest. Every ind^catlpn is that in thm #uture^ 
support wiir grouj, but not dramatical ly. Certainly* ther© 
im nDthing to muggemt that a crash development program on 
, tH© scale of the Manhattan Project or th# Apollo Moon Pror 
gram is imminent. Certainlyi there are no plant for the 
federal government to launch much an effort and private %n-r 
vestment funds are not likely to be committed en a massive 
scale because of the long time to pay back. Robotics %% 
still a long term research topic. We are a long, v Jeng uiay 
from a sop h i sticated sensory interactive, intelligent^^Msh- 
ly skilled, dexterousi economically feasiblei and commer- 
cially manufacturable robot. Research in this area im l^ng 
term, time consuming, and risky. Also, there is no certain- 
ty that inventions can be kept proprietary. There is there 
fore, no guarantee that the firms which make the investments 
can capture enough of the benefits to make the r^^*^ 
uiorthuihile. 

Secondly, even after the research and developfnent prohlems 
are solved, several decades and many hundreds of billions of 
^ dollars ujill *be required to convert the present industrial 
base to robot technology./ , This enormous investment ,uji 1 1 
severely taji available sources of capital. The transforma 
tion*of the entire industrial plant of a country simply can^ 
- not be achieved eiccept over an extended time period. 

Thirdly, and perhaps most importantly, many voters question 
the desirability of rapid, massive dep loyment of robot tech-- 
nology Despite ^the obvious benefits from productivity %m- 
proverfient, there ujou\d be serious social and economic ad- 
juitments necessary as a result of such a rapi4 productivity 
* grouith. Productivity improvement by its very nature reduces 
the amount of human >iab or need ed to produce a given product. 
Thus, an obvious, b<t I believe incorrect conclusion is that 
a rapid increase in productivity mould lead to une.mp loyment. 
There Is a uiide spread perception that robots pose a threat 
to jobs. The fear is that if robots were introduced at the 
rate that is technoleg ical ly Jjossib le, unemployment would 
become a serious problem. , - 

^ Howevef, widespread unemployment is not the inevitable 
T^eiult of rapid productivity growth. There is not a fisced 
amount of work! More work can always be created. All that 
is needed is a way to meet the payroll. Markets are not sa- 
turated The purchasing power of consumers can always be 
increased at the same rate that more products flow out of 
the robot factori#4. At present, there is plenty of demand. 
The mere fact of inflation is prima facie evidence that con- 
sumer demand exceeds the ability of present production tech-- 
niques and facilities to supply goods and services at con-- 
stant prices. Wtork is easy to create. So is demand. What 
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is HaT*d "to piroduce is goods and mervices that can be mold 
\ for a profitf at> -Cor beloW) th# eurrtnt ma'rNet pvicm, ^ 

Nivirth tK# average citizen is unconvinced that ad— 
vane e r a u toma t i OTf- mould h eS^e m m ar,tl:y p u t in e r ea s e d spending 
powerlinto him or h e r - p o c N ?^fe> fl^^^ j'^^^y^ e^g^uestion is ^ If, the 

, ' ■ * V o b o t m ; have mo m t o f the j o b m^^aui ui i 1 1 a ve r a ge people.^ get 
their intbm^? t In- order for mosJpL people to bm convinced that 
robots^ ^arS^;vgoing to bring, rfere ben#f itm . than probleinm it 
yiill be necemliary to demonstraVt- that a variety of alterna^ 
tlve intorte productng'" occupations uii 1 1 be created *to fill 

-'" : the vyoid^^eft by thdme jobs which: are taken over by robots. 
Fort^Ji^atelyf thiis; if net dif f^eit to^ do, ^ ^ ^ 

Perhaps* the most obvious sourc0"o'f n jobs is in the . in-^ 
d us tries ujhich must be created^ .Tin order to convert to a 
robot based economy. Certainly if r^^^ to be man Ufa c^ 

^jbtired in .large enough quantities tb make a significant im— 
" p'act on thp^^ii sting industrial s'yst^em/ entirely neyj robot 
man u ^a c^t ur%Sg^ s ales * ^ n d s ery i c e' industries w i 1 1 emeir g p an d. 
millions.^^f exciting ne mill ,.CT^eated. Ax vtypi^^i; 

* dnldustmlai robot cest^ f rbm :^30# ^00. :t^^^Of OQD and^^^ 

moTm fry. the time it is installre^l''#nd S|i|5^^ th^^^jeans 
that ev&ry robot insta3rjed/crea%#l^^ 4, perfs^dfiS^ISSrs 

of iijork somewhere -in the ecoT^omy. ^^^^^he; V^obot mark it is 
. presently jg rely ing at about ;35H, per yihich mean;s; iSi^ dou— 

bles 'abbuC every 3 earsv-. As 1 ong as :|?hji,B : growth r^'te ::\con- 
tinues# robot production uiill add jtibsJvi^P i^he economy about 
as. fast as robot installation Jbakes th^j.^^a:y^ / 

It wi^ll. beXmany yearsf "perhaps many dm^6^^t\ biO^bre ^robots^/ 
can d e s i g n # . man u f a c t ur e # mar k e t # i if^ ta 1 1 * pro g r am# and 
repair themselves with little or T^e human intervention. In 
the meantime^ the manufac M**^.^* 
produce an ^nbrmeus demand for mechanical enginee7*s.f t#.chni^^ 
cians# computer^prog rammers* . ,ele"c tronlc , designers* : r'Obpt itr= . 

: stal tatlbn and repair personrfr New roj|ot'Teompanie\^ will re=^ 
q^uire secreta.t^ifs^ sales pp|*sons# accoM^ta and business 

managers, :it Seems likely ^^that the ^ robcH| ^industry wi li 
eventually employ at. least as many people-as th© com 

-arid automob i 1 e industr i^es do tod^y. ^ ^ , _ ^ ^ j 

= ^ ■ ■ ^ ' ^ -"^ . / t..'-/^ -.^"^ ■ ^ . _ 

Converting the world * s esc isting* industrial plants, from manu— 

al to "^obot labor wil 1 '^eqiJire many decades an^ will cost as- 

much as ^he ^tal existing itocfe ^©f industrial wealth. This 

• is a Herculean task which will previ d e empl oyment^ to mil^ ^ 
^ions of' wprkj^s -f or ^several ^ . ^ene.rationsJ For a cc^untry 
like the *'UnMj^d States whic^ a strong technolog ical 

' basei the worli^ fharket in robots c^^ltf^ easi ly. create twice 
many jobs^in rebot, production as were lost to robot la-^ 
bor/ Neediess to say* the #xp6rt of refect symtems Cas^j^ell ^ . 
^ as products;, ^made by theni) could hi^e' a strong posilive . 
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#f fee* on the bmlmncm of trade and the strength of the dol- 
lar on the international markfrt". 

In general* industries that use the most efficient produc- 
tion techniques grow and promper# and h ire more workers. 
Harkets for their produets expand and they diyerslfy into 
new product lines. Workers displaced by ad^omation are sim- 
ply trAsferred into new growth areas or retraine-d for dif-^ 
ferent occupations. It is in the industries that fall 
behind in pr oduct ivi tjy that job layoffs are prevalent. 
Inefficient indumtriem lose market-share ^o competitors* 
ihrink. and eventual ly die, Thus# the bigfest threat to 
^ jobs is not in industries that adopt the latest robot tech- 
nology# but ^^^^thome lyhich do not, , 

For example* there are almost Qne-*^alf million joblemm work-- 
ers today in the American autdmoBile industry. This is not 
because of a pouple thousand rotfits^ It is because of the 
energy crisis and becaume fcf foreign competition. U. B. 
auto workers are sof f er ing^ unemp loyment more because of 
robots in Japan than because o^ robots in Detroit. If Amer-^ 
^ ^ca continues the present low ^rate of productivity grourfeh*; 
we cannot help but have even greater unemployment. Foreign 
" trading partners are mederlniiing at a rapid rate. If lae do 
hot innovate* our products cannot compete* and our workers 
will find their jobs be^g taken away by foreign competi- 
tion. 

Improving productivity is not easy. It* requires research, 
development* education* capital investment* and incentives 
to do better. The new technology of advanced automation is 
not a quick fix. It is a long range solution: -Robots have 
much promise but>a long way to go, We are only beginning to 
unierstand rw^m€^^ of the technical problems. We are many 
* years, perhaps several decades^ from making truly mtelli 
gent* highly sk il led robots;.. ^But technical solutions will 
come. It is only a matter of time* money* and intell^tuar 
risources. The real question #.s whethe^ we can p^«4Ajte"^^ so^ 
ciety in which robots will fcomplement.* not compete with* hu- 
.fnans for their livelihood. If this problem can be solved* 
then the prospects for the future may be verjij bright indeed. 

L Robots and automatic factories have the potential to in-- 
CLtrSase productivity virtually without rimit. This poten= 
tial* if brought to^^T^ality* could create a material abun 
dance and standard of living which f*r escceeds the horizon 
^f today's expectations. Over the next two centuries the 
technology of robotics and advanced automation could make 
' every orfft rich. Robots, ^someday could provide the economic 
fouridati/on for an "everypeVsonj ' arist^o.cracy, " However* this 

( w^il require that we find a way to make them wprk for usi 
p and not in* competition^ with uf. To pro^^jB^ the human 

worker's liyelihobd in the coming decades there are several 
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%tmp% uihlch can and should be tiken.* i. 

^ - _ '_ * - ■ ■ r ■ ■• ' ^. ; > 

Firmtj yie must provide rAriiining for UJorkerm displaced 'by 
'rpbots for new #nd better occupations. 

Seeondf Cafter # decade or iso uhen ^robots begin to make a 
^sTgnificant impact on productivity) ue can decrease- the 
uiorkyieek. It is nouih^re mritten in stone that'^^umans must 
utork 40 hours per yjeek. Am robots take over more and more 
wbrki humans can improve their work environment and cLe^ 
crease their yiork periods to 3Df or even 10 hours per 

meek. Education and leisure actlvitiei can be increased 
virtually uithout limit. /Eventuallyj all "uiork" eould be 
velgntary. mi „ 

Hoyiever* in order to achieve this uJe will need to e*3cplore a 
wide variety of ' mechanimms for broadening our. ownership of 
robots and automatic factpri^s. Employee stock awnership 
plansj individual robot^owner entrepreneurs^ and even semi"" 
public mutual fund ownership plans might be developed in the 
future. If eyeryone could own the equivalent of one^^or two 
robots* everyone would be financially independentf regard^ 
less of whether they were emplpyed or not, , 

■ ' • .-. ' = : ^ - -. ' ^ ■ ^ . " " -. ^ . . 

Finallyj in the next few years and decades# we must recog^ 
nize that it i s premature to worry abeut insufficient work 
to go around. There is virtual ly an unlimited amount of 
work that needs to be done in' eliminating poverty* hunger* 
and disease* not only In America* but throughout the world. 
Me ' need to develop renewable energy resources*, clean up' the 
environment* rebuild our cities* exploit the oceans* escplore 
the planets* and colonize outer space. The new age ,of 
robotics will open many new possibilities. What we humans 
can do in the future is limited only by our^ imagination to 
see ^he opportuni ti es^ and our courage to act out our be^ 
lief s. 
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CUBE ' ' 




SDBOT 




Figure 1« 



TO COOTOTER 



Remotes in situ robot trajeetory calibration system. Each of the two 
camoras can ineasurg the x and y position of light^emlttlng-diodes (LEDs) . 
Initially, a callbratloti cube with a set of LEDs at known p^nts is used 
to Compute the posltlQns and viewing angles of the two catneras. Then 
the two cameras can track a LED on the robot so as to determine the 
3^ dimensional position accuracy of the robot over. its working volume. 
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eipl«natieft o# Figure 2* 

The camm^nd and eontrol mtructur© for suce#s%fol organiia^ 
tic^nm of ^ grwmt complexity Im invariably hierdrchieali 
uihereln goalmi Qr taskm* mtlected at the highemt level are 
decomppmed inta leq^uencem of subtamNm uhieh are pamsed to' 
one or mdr# operational units at the next iDujer level in the 
hierarchy. Each of theme lottfer level unitm decompomem Its 
input command In' the context of feedback information ob-- 
tained from nther units at the mam^or louier levels^ or from 
the external environmentf and immumm sequencer of mub- 
mubtaskm < to a met of mubordinatem at the next lower level. 
Thim same procedure im repeated at each succemiive- hierarch-' 
icai; level until at the bottom of the hierarchy there i% 
generated a met of me^uences of primitiye actions which 
drive individual actuatorm much as motor Sj mervo valvemj hy^ 
draulic pimtons# or individual mumclem. Thlm bfslc scheme 
can be seen in the organliatlonal hierarchy on the left of 
Figure 2. 

A sinple chain of command through the ©rganiiational hlerar-- y 
€:hy j^fi thfe left is mhpiun as tj\m c«imputatipna_l hierarchy In / 
the center of Figure 2. This computational hierarchy con- 
slmtm of. three parallel hierarchies^ a task decomposition 
hierarchy* a menmory procesming hierarchy^ and a world model 
hierarchy. The senmory procesming hierarchy conslmtm of a 
meriem of computational units* each of which extract the 
particular featurem and information patterns needed by the 
task decomposition unit at that level. Feedback' from the 
menmory processing hierarchy enters each level of the task 
decompomit Ion hierarchy. Thim feedback information comes 
from .the same or lower levelm of the hierarchy or from the 
external envlronmen-^. It is umed by the modulem in the task 
decompomit ion hierarchy to mequence their outputm and to 
modify their decomposition function mo am to accomplish the 
higher level goaX in mplte of periurbacblonm and unexpected 
events in the environment. : * 

The world model hierarchy conmists of m set of knowledge :^ 
bamem that generate expectations against which the sensory 
processing modules can compare the - obmerved mensory data 
mtream. , Expectationm are bamed on mtored information which 
is acce#med by the task being executed at any particular 
time. ^Jhe menmory procesming units cdnume thim information 
to melect the particular procesming algorithms that are ap^ 
propriate to t^e expected sensory data and can inform the 
task decompoml tion units of whatever di^ferencemi or errors# 
exist between the observed and expected data. The task 
decbmpomi tion unit can then respond* either by altering the 
action so as to bring the observed sensory data into ^ 
correspondence with the expectation# or by altering the in- 
put to the world model so am to bring the expectation into 
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correspondBnce with the obsBrvatian. 

^■ch computational unit In th» task dBCOitipomition. sensory 
processino. and world modeling hlBrarchles can be represent^ 
ed as a finite-state machine. At each time increment, each 
unit reads its input and based on its present internal state 
computes an output with a very short time delay. 

If the output of each unit in the task decomposition hierar- 
chy is described as a vector, and plotted versus time m a. 
vector space, a behavioral hierarchy such as is shown on the 
right side of Figure 2 results. In this Illustration a high 
level goal, or task, (BUILD SUBASSEMBLY ABCD) is input to 
the highest level in a robot control hierarchy. The H5 task 
decomposition unit breaks this task down into a series of 
Bubtasks, of which <ASSEMBL1 AB > is the first. This com- 
plex" subtask command is then sent to the H4 task decomposi- 
tion unit. H4 decomposes this "complex" subtask -into a se- 
Quence of " simp 1 e " sub task s <FETCH A). (FETCH B), (MATE B to 
A), FASTEN B^ to A). The H3 unit, subsequently decomposes 
each of the "simple" sub.tasks into a string of "elpmental 
mo5es" of the form CREACH TO A), (ORASP), (MOVEto X), 
(REALEASE), etc. The Ha decomposition unit then computes a 
string of trajectory segments in a coordinate system fix»a 
in the work space, or in the robot hand, or m the ynoTk^ 
piece itself. These trajectory segments may include ac 
celeration, velocity, and deceleration profiles for the 
robot motion. In HI. each of these trajectory segments are 
transformed into joint angle movements and the joint actua 
tor* are servoed to- execute the commanded motions. 

At each level, the O units select the appropriate feedback 
information needed by the H modules in the task decomposi- 
tion hierarchy. The M units generate P^j^^tions, or ex- 
pected values, of the sensory data based on the stored 
knowledge about the environment in the context of the task 
being executed. > 
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Explanation o# Figurr 3, 

' ~ * . ■ . 

The computing architecture shottin in Figure 3 i% inten^ed^^ am 
m generic system that can be applied to a wide variety of 
automatic manufacturing facilities and can be extended to 
much larger applications. The basic itructure im hierarehi'- 
car* with the computational load distributed evenly over the 
various computational units at the various different levels 
of the hierarchy. At the lowest level in th is h ierarchy are 
the ^individual robots^ N/C machining centers, smart sensors* 
robot cartsi conveyors, and automatic storage systemsi each 
of which may have its own internal hierarchical control sys-- 
tern. These individual machines are organiied into work sta- 
tions under the control of a work station control unit. 
Several work station coTftrol units are organized under, and 
receive input commands from a cell control unit. Several 
cell control units may be ©rganiied under and receive input 
commarfds from a shop control unit, etc' This hierarchical 
structure^ can be extended to as many levels wit,h ^ as many 
modules per level as are necessary, depending on the com- 
plex i ty of th e 'fact ory^ ^ , 

On the right side of Flgune 3 i s shown ; a data b 
contains^ the pant programs for the machine tools, ^he part 
handling programs for the robots* the materials, reqwire- 
ments, dimensions, .and tolerances derived from the part 
design data base, and the algorithms and process plans re- 
quired %qt routing, scheduling, tooling,^ and fixturing. 
This dat^' is generated by a Computer-Aided-'Design <CAD) sys- # 
tern and a Computer »Aided-Pracess-Planning <CAPP) sys^^m. 
this dati base is hierarchically structured so that the in- 
formation required at the different hierarchical levels is 
readily available when needed/ 

On the aeft is a second data base which contains the current 
status of the factory. Each part in process in tr\e factory 
has W file in this data base which ccS^tains information as 
to ihat is the position and orienta^lpn of that part, its 
stage of completion, the batch of parts that it is with, and 
quality control inf ormat i on, Th 1 s data base is also 
hierarchically structured. At the lowest level, the posi- 
tion of each part is referenced to a particular tray or 
table top. At the next higher level, the work station, the 
position of each part refers to which tray the part ism. 
At the cell level, positlori refers to which work s^tion the 
part is In- The feedback processors on the left scan each 
level of the data base and extract the information of in- 
terest to the next higher levelV A manag ement inf ormat i on 
system makes it possible to query this data base at any lev-- 
el and determine the status of any part or job in the shop. 
, It can also set or alter priorities on various jobs. 
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ROBOtlCife PR^MMABLE AUTOMATION Am IKCRIASING COOTlTlTlVlNESi* " 

Bala Gold** * " ^ " " 

Mora tKan 25 yaars of empirickl tasaareh on the produetiviCyv co^t dad V: 
other affacci @f majoi' cechnological innovatlonB In a wlde^ array of ^austriac* 
in . tha U*S, and abroad haya lad. ma to draw tw concluslpnd i 

First: that tha actual aeonomlQ af facts ofj-avan, sajor. tachAological 

advaaaes hava almost Invariably fallan far ahort of their ' 

paccad a£faaC3| and * 
Second I that such axaggaratad axpeccatlonb have been due to their over* 

cofteaatratlon on only a lli^ted sector of tha -aoi^lax of . 

interacclon^ which deteralna actual rasultSi * , 

Hanca* sound analysis of cha prospactiva affaets of . increasing applications of 
robotics in domastlc Industries en their cost effectlvanase and ipternational 
competitlveaass requires avoldanca of such ©vet'^simplif icatlpns * 

Accordingly, Part I of this papar will prfesent_s_ome^ foundations ^f or pol 
analysis s Including: the place of robotics illthin currant and prospective ad^^ 
vances in manufacturing technologyi the effects, of increasing robot utilization 
on productivity and costsj rand the resulting effects on incernational coi^eti= 
tivariess. Part II wiU than Cdnalder the problems and policy liBpllcatlons of 
seeking I to accelerace the development of robotics and relatad-*advances in 
manufacturing tachnolo^; to accalarate the diffusion of such advances within 
domestic manufacturing Industries; and Co mitigate any potentially burdensome 



social and economic effects of such developments. 



1 POLICY ANALYSIS FOUNDATIONS 

= A* Robotics and Prograimj^^le Automat ion in Manufacturing 
1* Pro g r ammab 1 e Au t oi^ t ion 



^Jhs in the physicai efficiency of ^manufacturing operations may be derived 



' * Prepared for the Robotics Workshop of the Congressional Office of Technology _ 
Assessment held on July 31 s If 81- . - ^ ^ 

** William Umstattd Professor of Industrial Economics and Director of the 
Research Program in Industrial Economics, Case Was terri Reserve University, 
. Cleveland p O^o^ . . 
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from a variety of davalopmenta* The moat Importaftt among thesa lticludm: ad- 
vanqes in Eeehnolo^i iQcreaaes in th© scale of productioni improvemanti in the 
DuCpuc and quality capabilities of equipment; ad juatmenta in labor contributions I 
and continuing 'increaants in the af f ectiveness of produetlon planning and control* 
Because the effectivenesa of. such operacioim depends on integrating all theae 
factdra, changes in any one are likely to Interact with othera^ Hence, evalu-- 
ation of chs ef f eets of any InnovatiQn g^quires conslderacioit of all resulting 
readijustmenta in the syatem*^ 

After basic advances In technologyi the rtoat important and continuous source 
of gains In the phyalcal ef flertncy of production operat|ons In the paat has" 
probably been increases In ^he specialization of iacliltiea and etjuipment* The 
degree of specialisation which was found most rewarding was determined by the 
variety and volt^ of output which needed to be prq cess ad fey the given equipment. 
Thus i increases in the standardization of pitaducts and In the quantity required 
enequr&iad the in t io du6 1 len "o f pr o gr es s iy ely mo re narrowly sp ec lall i ed pr oduc t ion 
systems/ Eventually , the manufacture of completeiy uniform products in vary large 
quantltlea led to the construction of Interlocking ^SiTays of highly apecialized 
machines capable of producing .anorffloua qiiantltles with very great -physical ^ 
efficiency. Such ^dedicated ^ystema'% however, perolt only Blnor adjustments 
in product aaslgns or procysing methods* As a result, they are, nqt applicable 
to the oveCT7helming proportion of manufac'^urlng activities which involve the 
production of. wider arrays of products in ^smaller quantities / In addition, the 
heavy Investment required by sucl^dadicated systems, combined with their very 
limited flexibility, also encourages their users tq resist changes in products 
and improvements in production methods in an effort to use thalr existing aqulp^ 
ment as long as possible* 

Of course* englnearlng design permits a wide range in the extent to which 
speciallzatioh is built Into production ;machlnery. Thus, 'general purpose"^ 
equipment may be designed to accomodate a wide array "of tools and processing 
functions In return for llmit^ its rate^ of output, as well as o^her capabilities ^ 
±n respect to atiy particul^/task. Such equipment's output is also heavily^ 
dependent on the concom^^^ apaclalized cbntrlbutlons of operators and other 
service^rsonnel. ^ Intermediate degrees^of equipment speciaiizatlon h^ve 
o^fere^rogressivelyl larger trade-offs of decreases in the range of functions 
capable of being perfLmed^as well as decreases In reliance on the speciaiizad 
contributions of opera^^s and bther eKternal Inputs^ln return for increases In 
'the level of output, quall^^-W ef^ctiveA^^ of designated production tasks. 
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Am a result of in tenalf^ingffiarkac pwmmmuvBBg there have been sharply 
Ificreaaed efforci In recant years to Improve the cost competltlveneaa of manu» , 
facturing operations devoted to a limited variety of products required in 
voluoes ranging from relatively SMll to moderate » Such needs are ^dominant in 
most small a^d intermediate aanufac tyring plante as well aa even in large plants 
manuf acturinf capital goods ^ By far the most iaportanc advance in such capa= 
biliti^s has come .from the development of computerisation and related communication 
and instrumentation capabilities • These permit the utilisatidn of replaceable 
programmed instructions . in co^ination ;with progr^usable controls to enable 
given equipment to turn out varying amounts of a succession of different parts * 
vith little or no operator requirements. - ' ^ 

In order to help clarify the broad potentials of the resulting revolution 
in manufacturing technology ^whlch will be mifoldin^ with ac.celerating_rapidity^....=-=-=^_, 
over the next decade^ ft My be useful to illustrate the interconnected changes 
being 'generated as a resuft. Increasingly / the process .will begin wifh con^uter^ * 
aided design (CAD) ^ with engineers developing new designs on the screen of a- 
terminal by specifying certain points on the screen and tapj^ng instructidbs " 



around them. The k^f^ point jftp understand is chat itT'^e cdurae of prjojecting 
the. design shown on the screen the computer is storing a detailed fflathematicai 
model of ail of ^ its features- It then becomes possible to use this Infbrmationp 
or data base, for an expanding array of '^purposes ^ ^or examplei the resulting" 
definition of the dimensions and eonf Iguracions of the designed part may "be used.^ 
ip_ computer programs to generate- such manufacturing requirementa as * 

1# a Schedule of the sequence' of machines to be used in produ^Sg "the ,partjv = 
^ 2. specific operatirfg instructions for each machine as well as identification 
of tAe tools required to perform; such operations; = - ^ \ - 

3m dimensional criteria for testing ^ionformanc^ of the ^4^nlshed part with 

design requirements | * 
4* production schedules specif ylhg Individual machine assignments to accord 
with estimated machining time required for each , part and with previously 
scheduled machine loadings as well as delivery dates i 
5. estimates, of the. unit cost of each operation, including the w#ges of the 
operator I . ' ' = > . 

. 6^ estimates of total unit costs of -pro^ducing apecifled producta may' be used 
to determine bids, for -contracts I and - .^^ ; 
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7, combining the design dmtm with macerlats specif Icaclonp and plmnned 
output, along with escpected scrap rates and waste, to lenerate pro^ 
curement raquirements* 
As indicated in Fifura 1, various other kinds of performance evaluation and 
control itiforfflation may also be generated. ^ ^ 

By tracing only one direction of such information flows, however, even the 
.preceding impressive array of applications understates the potential benefits of 
such systems. In* fact, all such flows move in both directioiis- Engineers can 
. use' them to explore the relative cWtg of alternative deslgi^s- Manuf ac^turlng 
specialists can evaluate alternative processing sequences and machining in-- 
structlons. Inventory adjustments can be v ^pted to accord with production and 



distribution variations. Prqductlon requirements and manpower availabilities 
qan be adaprtpd to one another* 
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1: Potential Applications of Design Data, Bases 



Figure 

Programs have already been developed to apply each of the possibilities 
eited'above. But few plants are actually ^utilizing many of chem on a ^continuing 
rather than an eKperimental basle . Despite the clarity of the logic Involved, 
the development ^f a functioning system requires confronting very large masses 
of details and many alternatlye possiblllcies at most stages of defining eequentia: 
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mrm caft be little doubt* hoMeveri that the future will see in= 
creasing rem^zation of such potentials with profound effects on the . requlremente 
for remaining coinpetltive- y 

2* On the Role *of Reboties Within Progra^mmble Automation ^ - . , 

Most robojcs are used ^in ^nuf acturing ms mechanical replacements for £ ormenly. 
manual operations* Major categories of guch assignments include "pick arid place", 
"manipulate" and "process", Essentlatlyj the flr^ involves tpansf erring' in- 
dividual parts from one location to aritotherp the second' usually involves bringing 
parts together, as in assembly, and the third involves carrying out actual 
operations, such as welding or painting or testings The complexity of thes^--^ 



efforts may be enhanced if the robot Is required to select among aeveral objects 
through identifying key characteristics p or if it has to sense proximity to its 
. target loeatlon^ or if it has to adapt Its manipulative or processing efforts 
to variable conditions. Efforts to extend the range of applications of robots 
have accordingly involved shifting increasingly from mechanleally guided and 
eontrolled models to 'those whieh are programmable , equipped with feedback 
controls, capable 'of some degree of "learjiing" and possessed of a wider array 
and more sensitive manipulative potentials- Thus ^ in the perspective of ladbr^ 
Replacement object Ives ^ developmental programs have sought to supplement the 
greater strength, speedy fatigue resistance and ImpervlQusness to boredom of 
robots with Ihcreaaing such capabilities as visual discrimination, precision 
of location and movement ^ and sensitivity to touchy pressure and torque. 

Robots have commonly taken the form of separate pieces of equipment which 
are readily movable from one location to another. This obviously yields ad^ 
vantages 'of nK>bility comparable to the relocation of operators to adjust to 
changes in production needs. But t^ performance of what have come to be 
eonsidered as "robot-like" . f unctions need not be restricted to such separate 

' mobilfr units. Indeed, the ^development of flexible manufacturing systems (^^iS)^ 

or programmable automation systems, niay well Involve new combinations of 
^ "built=in" robot=like functions. In the cast of machining centers ^ for examplej 

- instead of using a separate robot to select needed tools from a rack an^ then 



(1) For further discussioni see B. Gold, An Improved Model for Managerial Evalu^ 
at ion and Utilization of Computffer"- Aided Manufacturing: A Report to the 
National Research Council Committee on Computer-^Aided' Manufacturing ^ 
Washington, D. C/, March 1981. ~ . _ 
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attach and remove thmm in prope^ sequsnc©, this capability is built into the 
equipment. Various kinds of cBLachingg also have built-in capabiritleB £or 
grasping » loading* unlQading and passlhg parts along. And still others include 
devices for testing the conformance of finished parts with dimensional tequiremnnts 

The point being emphasised is that continuing development of prog^mmable 
automation systems may^ well involve changies in the ^hysicpl f orms ^s wall as in 
the functional capabilities of robot-'lika contributions to production. Physically 
separate units may be increasingly supplemented by replaceable 'attached units 
to service the changing requirements of^articular machines, as well as by built-- 
in robot-like capabilities in cases where the need for such services is expected 
to be eontlnueus and to remain within a range which can.be meE effectiviely 
thus, many labor-^replacing robots may themselves be replaced. Indeed* the very 
developments of improved capabilities in robots may stimulate the redesign of 
later equipment to incorporate some of these additional functions. Hence, while 
it may remain' feasible to assess the prospective effects of many Individual 
robot applications, an increasing number of cases may require a broader evalu^ 
aCive context ^n order to ensure consideration of their tnteractions with other , 
inputs as well as of other factors affecting performahce in tightly integrated 
production operations* ^ 

B ROBOTICS, MANUFACTURING PRODUCTIV ITY AND COSTS 

— = — ==— — ^— — — - 

1, On the Concept and Meastirement of fTpd^^ttvt^y 

Despite widespread concern about lagging productivity in many U^^S^ industries^ 
analyses of che problem and proposed improvement policies are still seriously 
handicapped in several ways. The most serious of, these involves contiaulng re- 
"liance on inadequate concepts and misleading measares of productivity , such as 
"output per man-hour" or "value^dded = per man-hour" or the supposedly sophisticated'' 
"total factor prodQctivi ty" -- all of which can be shown to be of dubious value, 
when not actually 'misleading,^ for managerial, purposes^ 

For exampj^e, "output per man-hour" has nothing to do with the effectiveness 
of production as a whole, or even witti^ t^e effecftyeness of laber cont-ributtons - 
to out^t. By con^aring the combined product of all inputs with the sheer volume 
of paid hours by one^Jnputp it patently ignores changes in the volume and contrl- ' 
butlTOs of all other inputs. "Value added per man-hour" repeats tHis^^er^t^ of 
attributing changes In output to only one of the Inputs, but also encourages 
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'Interpreting mmrm ^Increae^ in i^age rates, ^because thmy enter into value added, 

aa; evidences of increased 'labor , productivity" * The grandly labelled "cofial 

factor productivity", on the other hand* ie so overly aggregative as co make 

interpretations 6f resulting changes both" difflGUlt and highly vulnerable. 

Specif ically I how is one to interpret changes in its ratio of ''product value 

at fixed product prices" to "total Cvosts at fixed? factor prices*'? Do they re^ 

present changes in deflated ^profit margins , or changes in the ratio of product 

price to factor price indexes, or changes in product^mlx^ or changes in a variety 

of other relevant factors including some aspects of productivity? 

" In addition tg such erroneous concepts and measures, prevailing discussions 

of product Ivity problems and remedial policies are also undermined by highly 

vulnerable deductions about the causes of apparent changes in product l"\rf.ty levels 

and by dubious claims about the effects of productivity adjustments on costs 

and profitability* As a matter of fact* findings that output per man-hours ov 

value added per man-hour, or total factor productivi^ had increased or decreased 

by 5 per cent last year would reveal nothing to management about ^ ' what had caused 

this change; or .how rewarding or burdensome it was; ir what might be done to' j 

improve future performance ' f 9 ■ 

In order to sei've the practical requirements of 'management, a productivity 

measurement and analysis system must encompass all of the inputs whose Inter^ 

acting contribuCions determine, the level of output and the effectiveness of 

production ©perationSp ,For this purposei one approach which has been \ipplied ■ 

in a wide array of indtfstrie^ utilises the cbricept of a "netwotk of produetivlCy.. 

relationahlps". As sho^ in Figure 2, it encompasses the six components which 

management can manipula^ in seeking to improve production efficiency: three 

representing the Input requirements per unit of ^output of materials, labor and 
(2') 

capital goods i aAd three more representing the proportions in which these 
are combined with one another. T^m latter obviously need to be included because 
management couldj for examplej substitute more highly pro^ssed inputs In place 



(2) Fixed investment is related to capacity rather than to output » however, becaust 
that is what capital goods provide. Actual output say then vary with demandi 
enjailing varying levels -of idleness of such equipment, ^n measuring the prp^ 
portiohs in which the major Inputs Ire combined with one another, however, ' ^ 
labor and materials^inputs are compared not with 'tcftal fixed investment but 
with actively-utlli^*ed fixed Investment^ i.e., with fl^ed Investment adjustid 
for the ratio of output to capacity* 
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of .uslBg iome of -Its own labof =^ mquipm^tit , « It could substdCute --equip- 
ment to replace labor. The tiit «r-CQfln^cted^iie of thmam elx elements etfpCbaalzes 
that p ehanga^^y be initiated any one, but that Its effects must ch^n be 

traced .around the entire network %o enstir© tliiE all adaptive adjuatm§at# CTiave 
been made whitii ^re naeesaary fro reln&eiTst^ ;lie systetf. - Thia alio a--^flni, . 
that an ohservad changi in ^ne of the llnKa nged not have been engendeT#d In 
chat link, but rather haya rtsttited as an adjyitnent to a change inducM ^-^Ist- 
where In this gystei* 




Ftf. 2 -n^^ i!« Of praduMivity rdifi^ti^lp^ MO^jdlie^t Input faeters [9]. 



For example, mechanlalng & ^me manual csprftElong would first mffiCt t =he 
ratle of actively--utllized f l3c^ ^ Investment to nan-hours. This wouid tfiii=i.d to 
reduce man-houra per jinlt of oiitput, while tht attendant increase in f t^e^d in- ^ 
vestment might alter its ratio capacity. M if the innova-tiori :^ed\i^e^4 

scrap rates/ it would alas de^ ^ease the matirials input vd^lume pmt unit of 
outpiit.. 

Because managmt'B prim^^ motivati&ti In altering ^productivity ^l_atign- 
ships is usually to Inprove tt^ cost Compet itlveneas , It la necessity evaluate 
past or prospective el|\ges In the producCL^ity network by tracing result ^ Ing 
effects on the, cost itructure. This Imvolv^cs, flrst^ tracing the interact ion of . 
changes in each unit Input reqi^irement i^ch Iti factor price to calQulAtg^ te- 
sulting changes in Its unit co^ For e^t^feple, a 10 per cent^ increase ia^ output 

per man-hour would yield only & 5 per cenC Ifduction in unit wage costj t__f it 
were accoapanied by a 5 p^r ccr^ t increase luliourly wage rates. In 'tutn, the 
effects of rWsulcl^ichifies various unttcostg on total unit coasts ^a^pgnd, 

of course, on thair respective proportions of tf tal costs, as shto^^n in ft=g, 3. 
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wouid t 

^ at all 



L a flv# per cent reduction unit wage edgta 

L i costs by only one per cent If wag^s accounted 
,cs- And total unit coats aeed not hava declined 
c#nt Increase in outpuc pfer man-hour been 
^rtment in machinery, or by purchasing, spra hlg^y 
jxpeniive tnaterial inputs » ^ 




FiQ, 3 Produciivity nelwork, cost stnielure and manaBerial conlrol riiioi. 

Managemsnt tends to be even more concerned about the effects o£\ prospective 
Innovations on^prof itabillty Chan on costs. Hence, account AsC be taken pf the 
fact that such effects involve not only the^ direct Impact of eJfanges on total 
unit costs, but also the indirect effects of any changes in "product quality or 
.product--mix on product prices* and capacity utilization rates./ In addition » 
prof itability ^»?ould also be affected by any changes in the propoytfon of total 
investment allocated to fixed investment and in the prpductlfTty -of fixed invest- 
ment. But this discussion will net pursue such further ramifications. ir may be 
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'of interest Co addj however, that the above analytical framewbrk can be dis* 
^ aggregated from plant level results to results within individual product lines 



or individual aoBt centers i and it can also be deeomposed to traee the effects 
of changes among ^various components of material » labor or capital goods Inputs* 



(3) 



2, Exploring Productivity and Cost Effects of RQbotics_anj^^fj?gg^ 
Automation ^ ' ' . 



n 



The preceding framework may now be used ^ to trace the prospeecive effects 
o€ increased applications of robots and of broader systems of programmable 
automation* ■ ' ■ / 

Within the networkuof productivity relationships i the immediate i^acts. 
of introducing additional Robots woi^ld tend to center around increases In fixed 
investment and reductions in labor requirements per unit of output, la cases 
whe^e the utilisation of machine capacity had b#en res trie ted by the eustaihable 
^eed of labor^ efforts i output capabilities might be increased* And la some 
processing 'operations, robots might reduce the reject rate or e^en raise the 
average*' quality of output. Of course^ part of the reduction in direct man^^our 
requirements would tend to be offset by the need for providing additional skilled 
maintenance and set-up personpe^ as well as programming capabilities when required. 

These indirect manpp^er requirements emphasise the need to eonslder the pro-^. 
spectivp effects of individual roboC applltfatlons separatedy from the effects 
of robotization prog^foia p espeeially when more complex p^ogranHnable roiotSr are 
iTivolved. Simple mechanical robots" which are Introduced as direct replacemen'ts 
for &bor withouE^ aj^tering other eoc^onenst of the production pAcesa offer no 
special evaluatii^ problems . But the -requirements of more complex programniable 
robots for various ^ytfts^^f skilled servicing technicians and even englneej^ 
involves /the assumption of subitantlal epeclalls^ and relatively fl^ced minimum 
manpo^T^^c^nmitffients , Heneej the effectiveness with whl'ch^ these are utilized" 
depends on the nusiber and variety of robots to be employed. Indeed, such man^, 
power requirements might offset moat or all of the expected benefits ofr^educ tlona 
in operatotr man-hours if the nuniber of robots acquired were too small t4 uttlllze 



(3) For more detailed d|.scussion of . tFfis anal'ptical approach and foe some empirical' 
findings resultinl Jrom iti applications, See B. Gold, Productivity, Technology ' 
and Capital: Econonilc Analysis , Managerial StrateBiee and Government Policies 
TLexington, MA^ D.~cr Heath Lexinfe on Pr^ss , 1979) , ' 

• . ' ■ ~ ■ ' ' / . 
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such rndditianal gxpeiftise. Because of such threshold requirements, the evalu- , ' 
ation of proposals for .the ^acqui^icion of ffiore copplex robots should mydr the 
, planned program to be carried out /oymT several yearg rather than charging the ' ^ 

whole of such basic service .manpower requirements against the firs* ro^ts ' 
acqulared . # * ' 

As was Indicated earlier, the effects of Increasing the use of robots on 
unit manpower -coBts depends on resulting changes in tAe volime of dir^t and 
indirect manpower per unit of output and In their rea^ctive rates of parent p 
In the case of ^relative simple robots which replace labor and involve quite 
minimal demands Qsn existing fflalntenance and set-up personnel, the result tends ^ 
^ to be a sharp reduction in the unit. wage cost of the particular operation which > 
was affected. In the base of adoptions of more complex robotSs such r^uctions 
in direct unit wage costs would tend to .be, at least partly offset by increases 
in the ^umbej- of needed maintenance and other specialists ^ as weil, ^as by thjelr 
higher average earnings. The net effects on tocar unit manpower costs would 
-depend thep on the output levels over which, these larger Indirect coits were 
distributed,. Wusj because of the decreased flexibility in employmejif levels 
for such service personnel, attendant changes in dutput lev:els may have a 
'significant effect on total unit mahpower costs as well as on total unit capital 
charges. But the Introduction of robots Is not ilkely to affect output levels 
except, as wa^ rioted earlier,* where operator limitations of effort; fatigue or 
carefulness havi resulted efth^r In ■ under^-ucllizatlon of the related equipment 
capacity, or In^ higher^ reject 'rates (thus Involving higher unit material costs 
as well) or where robots are subject to significant periods of unexpected ^ 
downtime for repairs or readjustments, \ 
Expected changes In the total unit costs of the operation directly affected 
can then be readily calculated by weighting the estimated percentage change In 
^nit materials, labor and capital costs by their respective proportions of total 
costs"* as shown in Flg» 3* In the case of more complex robots, however * as i 
exemplified by processing and assembly robots, a broader evaluation framework ^ 
may be necessary if the effective fuhctioning of such robots requires ttodlf icati6ns 
in prior operation^ In order to provide more precise or higher quality* parts to 
enter such procpsses* A broader evaluation framework may also be necessary if 
buch robotized operations significantly affect the productivity and costs of 
subsequent Stages of operations * or the quality of the final product in ways 
affecting prospective demand or prices* • 
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In short,' the i^ncreasing diffusion of roboCi is ttmif te^ mak^ only^a 
ffiodeafc, though still significant, coirtribution to ispr^vlng thte cost £ ^etlv^ness 
of swat manufmeturlng firma/ One of the basic factore limiting such potential 
benefits is that direct wage costs seldom aeeount for flare thii^- per eent 

of total coats and any savings through reducing difect m^n^hou^ requirements tend 
to be partly offset by Increases in capital ehargis and in ind^x-ece wage and 
salary costs, and farther offsets would be generatid if vage f&tes are increased 
to help gain acceptance^ of such innovations. An addicloflal limitation on such 
potential benefits 'arises from the fact that only a narrow arr&y of tasks can be . 
performed more economically by robots than by labor or by ma^ht^ries which include ^ 
the robotisable capabillfeles . Indeed, even some of the manual f unctions which 
can be economically transferred to robots ^now may In tim& be transferred into 
redes igncd^nachines. as was noted earlier. 

From the standpoint, of longer term plannini petspectivei consideration 
should also be given to a plant's cost proportloni and to . the prospective effects 
of increasing the ratio of ^*fiKed*' to "variable" cpita - Cost pxeportlons differ 
very widely, of course, among industries a| well ai aniPng plants within industries. 
The long term average proportion of total costs aeeeunted for tey actual wages in 
U.S. manufaccuring has bee^ well under 20 per eenE, rangins be&^een less than 10 
per cent in ore smelting, petroleum refining and other industr^^s which represent 
the first stage of ptocesslng natural resources to more than per cedt in in- 

dustries invblvlnp the fabrication of eomple^ maeliinery . ^'^^ Tb=us , the ^prospective 
effects of robotizacion on total unit costs Ehrouih reductions in unit wage costs 
would tend to be W greater at" the latter extreffli. Attencipn mumt be given not 
only -to the magnitude of cost proporcians, howevir, but aliO c= the extent to 
which a given category of unit costs could, be reducad through robots or other 
innovations. Thus, any readlttng increases in out|at per man-i=meur which are largely 
or wholly offset by attendant increases in hourly wa|te rates would yield little or 
no cost advantage, however large the wage cost ratb- especii^ly if account is 



0 



U) For a comparison of coit proportions In 20 mnufscewlna l«dustrles, aee B, Gold. 

Crowch (London: Macmillan , itf ; i ;. W^w York : iaiK: Books, „971) , p. 137. 
Ja^:se translmtian = Tokyo: Chikura Shobo,i9?7. Dlf£i=^neas in oosc pro= 
portions amoni plants In the sane Industry an attrlDutabl— primarily Co 
diffar^ncM.ln their "make vs. buy" ratloi. In the Mdernl = y. of their technologlei 
and facilities, in their scalB of operationsmd m thelir ^rodu6t-»lx. For 
■ ' further discussion, see B. Cold, "changing TewpecC Ives on Size, Scale and 

Returns: An Interpretive Survey", Journai of_E conomlc Literature March 1981, 
'•specially pp. 21 et.seq. . ^ 
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also taken of th# assoclkted Increa^© in capital charges^' On thm other hand,^ 
eight must not be lost in\auch evaluatlbns the powerful leverage of reductldns 
in total unit coats on profit marglnSi for even a 5 per cent reduction In total 
iinlt costs could Increase profit margins by, 33-50 per cent* Hence, the relative 
magnitudes of wage cost proportions warrants careful conalderatlon in choosing 
targets among different sectors of opermtion for robotics applications whose 
benefits are expected to center on wage savings - 

Longer term planning for advancing manufacturing technology ^has also been 
affected in many Indus tj-les by the traditional concern about the b,urdens of in^ 
creasing the 'ratio of total capital charges , which arm considered *'flxed", to 
labor costs which are considered "variable"^- meaning that the former are un^ ^ . 
affected by reductions In output , while the latter decline with them. But It is 
obvious that labor costs have become less "variable" because of trade union 
resistances to reductions In employment and wage rates, and because of increasing 
cost penalties for lay-offs through "social benefit" requlremencs < Increasing 
attention has alsQ been given in recent years to adjusting depreciation rates In 
response to changing levels of capacity utilization, thus efthancing the 
variability of total capital charges^ 

The possiblllcy should also be considered that capital inputs are becoming 
progressively more economical than labor Inputs as compared with their respective 
contributions to output. In part, this reflects the fact that continuing techno-^ 
logical progress tends to enhance ^he producElon contrlbuclons of facilities and 
equipment^ far more than those of labor/ Moreover , although caplEal goods prices 
and wage rates both rise during inflationary periods, the prices to be paid for 
the former stop rising as soon as they are purchased , while wage rates continue 
to rise even after workmen are hired, and mlghc rise even more if "higher labor 
productivity" can be claimed as a result of the additional equipment. Indeed, the 
costs o'f using such capital goods may even decline steadily under some forms of 
depreciation. In addition, most increases in capital facilities Involve some, 
and often substantial, replacements of labor inputs, thus helping to offset part 
of tKn capital costs. Still another factor tending to inereage the relative 
economy of capital inputs is the seemingly Irrevnrnlble trend towards Increasing 
payments to labor f or^ non-^worklng time ^ including ! lay-off s ; sickness; holidays^ 
vacations; and pensions. Altogether, these cot. uLatlons suggest that, in addition 
to altering past charac terizaC ions of capital and labor costs as "fixed" or 
"variable" in response to output fluctuations, attention should be given to 
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char acteri^lng the ^long ^ term tendencies of capital and labor costs with 
Indications that thm latter may warrant classification as "rising" relative Co 
the former'- 

Evalumtlng the pTOSpectlve' effects of advances in computer-aided manufac Curing , 
or prograffimable autpmatiS^Se^uifes niore eqmplex eonsideracions as well as still 
broader coverage and even longer time per spec tlvesj. Briefly summarized , chey are 
likely to af fepc all unit input requirements as well as the factor proportions 
encompassed byl the "network of productivity .relationships"^ they fend to alter 
longer term trends in capacity levels as well as in capacity uCilisation, and 
their effeccs are likely to reach beyond production operations co modify mana^ 
gerial plartning and eo'ntrol systems as well -as the organizational atructure of 
£i™,<5) ■ . ■ . ^ 

C. RpBOTlCS, WimjJiC'VU^lMG_tEC^^OGY AND IHTERNATIQNAL CQ^gETITIVENESS 

1 * Some Basic •Perapectives on' the Determinants of International Competitiveness 

— , . z - — ^ ^ — — - -- - "~' - — I ~ - = " " " — " ~ . 

The growing national concern with -the declining International competitiveness 
of a significant array of major U.S. Industries has generated a stream^ of pro- 
pOBals.3 f or remedial action. tJn'f brtunately , most of these are based on untested 
assumptions about the general causes of such lagging competitiveness Instead of 
on penetrating analyses of the specific industries affected. • 

It is important to recognise that foreign competitive pressures no longer 
concentrate only on older industries with mature technologies* On the contrary » 
such pressures are intensifying over a ^wide spectrum of "high tecanology" in^ 
dus tries as well. Examples of the latter includes semi-conductors , computers j 

N _ ^ . 

telecoTOnunlcations J sophisticated robotics , aircraft and flexible manuf accurlng 

i _ 

systems. Hence , fallowing the panic-^induced proposals to abandon our older 
industries, which are also major sources .of employmenE and Income, would merely 
intensify problems of domes/lc welfare and military, security. It Is Important, 
of courses to foster the development of newly emerging industries because, al^ 
though they are likely to make only modest contributions" to employment, income 



(5) For a brief summary of Bom^ of thes^ effeets. see B Gold. ■Revising Managerial 
Evaluations of Compu«r=Alded htanuf acCurlng SysC.ms", P^oceedln^B of the Auto^ 
K *f5Ss° LnferenL. Vol 1 CD.aborn. MI= Society of Manufacturing EnQln.ers. 

19B0) For a m^re det ailed report, See B. Gold, An Improved Model for 
NOV. -^J""-' Utilization of C ompater-Alded Manuf aet urina: A 

W^^lngton, D. C. , March 19&1. ' . 

: ^ 
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'and foreign trade during their first 5-10,y©ars of development * some of thmm 

becpmg powerful sectors of our aeonomy ±rt the fucurg* But eneourag^ent and 
support. for such embryonic industries must tte supplemented by intensified efforts 
to re--eatab'liah the competitiveness of .older major industries through adFancini 
beyond their current technological ftfontierajlf tfie national welfare Is to be 
safeiumrded in the ahort-ri^i and iritermediate-ruffi aa well." 

A related view whose vulnerability is 'iriadequately r^cognlEed holds that Che ^ 
international compeclt|yeness of our basic *manufacturlrig ^industries is bound t& 
decline relative to less developed countries because of "our higher ^wage rates ^ 
Of cdurse* substantial wige rate differentials do -exist' and the^e ire Ukely to 
encourage continuing shifts in the location of some light manufacturing Industries. 
But such wage race disadvantages are largely offset in many basic induscries by 
higher oucpuc per man-hour and higher product quality. In addition, the tendency 
for wage rates to rise more rapidly in industrializing countries tends to further 
reduce :resultlng differences in unit wage costs. ^ It is also worth recalling here 
that wages tend to account for less than 20 per cent in U.S. manufacturing as a 
wholCp thus limiting the. effects of lower wage rates in wi^e sectors of industry. 
Most important of all for the longer run Is the face that labor Inputs are being . 
replaced^ increasingly fn determirting the productive efficiency of most aanu= 
facturing industries by capital inputs, which embody the technological contrt^ 
butions of advances in processing, mechanisation, computerisation, programmable 
controls and robotics. Hence, advanced industrial nations are likely to retain 
their competitive advantages in many basic manufacturing industries for many years 
to comei Such advantages will be reinforced by the greater availability of 
investment funds and the greater aVMllabillty of the advanced engineers and highly 
skilled labor needed to maintain, supervise and improve such sophisticated operatfonE 
^= especially those producing higher quality and more complex products. 

'At any rate, more sharply focussed diagnoses are obviously essential to the 
'deyelopment of effective remedial efforts, not only for the Industries which have 
already been hard hit by foreign competi tors , -but al^o to help the additional array'" 
of domestic Industrifes likely to face such increasing pressures during the ne^t 
flve^ years. In this connection, it may be wortt^ noting some of the bindings 
emerging from a study of the factors affecting the international competitiveness 



(6) For further discussion, s6e B. Gold, *'U.S. Technological Policy Needs| Some 
" Basic Misconceptions," in H.H. Miller (edO, T^rhnmo^y. International Economics 
and'Publlc Policy (Washington, D. C, i American Association for the Advancement 



of Science, 1981) . 
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at a BBtmpXm of domestic Industry *bm±iig eo^ndueCed with Che sspporc of the National 

_ " ^ (7) » • ■ 

al@nce Foundation* / Contraty to widaspremd .msaumptions and beliefs, the major - 

causes^ of thadeereasing Iriternational . compatittveness of various domastic ^ 

ikdjiCtrims differ widely among industrias* Hancaj ^^feeralls^ed solutiona are. 



iikely t@ reault in only mild %alliativee at bast. Also", although ^dacEea'sing , 
competltlvaness in pieoductlon efficiency is a majotf fmSt/OT In a huabar of indus-fcrlesi 
auph shortcoming are powerfully reinforced; and' somatlmas even ovfer-^shadowed by r 

a, Frodudt designs which are leps efficient * lees att'tfactlW', less trouble^, . \_ 

^free or less sensitive to changes In consumer preferencesi * 
b* Higher unit wage costs ^resulting . from^^wage rate Ifvcreaies whf^ch have -.01^^ 
' , . v/ run- gains in output per ; man-hour | . " \ ^ 'i / - 

"' C* Higher unit cos^^f .raw materials energy , capital goods, or Investment _ 
- funds;- and - - ; . .,.1, :. -.^ . ..v . j-= 

d* Less aggressive marketing and less responsiveness to eustomer delivery ^ 

and servicing needs - _ ...^^ ' 

Third, even disadvantages in respective to production efflele^ntiy are due to 
a^^ariety of causes- Lass advanced technological processes, '^r faclilties 
and more limited utilization of computer-aided manufacturing. And robotics have 
certainly been impdrtant handicaps* 3uc It would be 4 mis Cake -to under-^estimate 
the influence on strengthening the competitiveness of- various foreign producers 
of such factors as ' more aggressive managerial demands for productivity improve^ 
ment| larger technical staffs under greater, pressure and more effectively motivated 
to increase technological capabiLlities; and reliance on longer production runs of 
a more limited product-'mlx to; help keep capacity utilisation rates high* . , 
i ■ Fourth, another important contributar to Che prbduction, efficiency of some 
foreign producers hai been their labor 's greater productive efforts, greater . . \ 
willingness tb accept and Tnaximize utilisation, of '^technological advances andv 
improvements, and .greater, mobility among tasks=_^ But blaming a large share of the ^ 
decreasing competitiveness of domestic industries on gfeneral^ declines in the capa^ 
bilicies and motivatlonp of labor tends to be contradicted co some extent, by the 
high quality of output and the apparent cost^ effectiveness of some foreign^ 
planjcs in the United States* This doei not laean that all trade unions ^ have sup-- 
ported the. Introduccion. of tecbndlogical advances have co-operated in efforts to 
raise productivity levels to those achieved by foreign competitors ^ and have limited 

- - =: " . ' ' f ^ - ' ■ _ ' - ' " , ^ ' ' 

(7) The author is Chief Investigator. The report is scheduled for late 1981* 
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demands f St . inereaaas ^a^ w^ to Inerg^es in their contributions ; 

to pWduetion capabilities, BuC^/dpe^ mean that soma foreign ffianagamentsf— . 
^and some domestic ^naiements aa well — have fpund^ it possible, to work with ; 
dblestic labor in ways which yield high quality prodacte, high productivity and 
eompetlttve c^ta, ■ Hera again, /therefoi^; the need la to dig beneath auperflclal 
generalizations' to ebme more closely to gripe with the factors which ^re moat 
influential in various sectors of industry, and under differtnt conditions*. 

2. Potential Contributions^f kobotica and P^l^a^roable Aut omation to_ ^ 
Improving Intemmtional Competitiveness^ ♦ 
The potential contributions of robotics and prograraable 'automation to 
Improving the competitiveness of domestic' manufacturing industries must be ^ 
eKamined within the context of the preceding- complex of influential factors, / ; . 
Increasing the utilization of progresalvely Improved robots would obviously 

^^tend-^to have' a positive effect on te^nologlcal competitivenesa , But the re^ 
suiting gain la likely to^ be of only ^ das t proportions , In m,dat plants and 
industries :uhless such advances are integrated with simultaneous advan^s in . 
other detarmln^s of technological competltlvenesa. Hoboticlzlng manual op-, . 
erationa in old plinth using old machinery to make old products haa obviously 
limited pot^timls. Nor are major advances likely to reault from improving any 
other single component of the interwoven fabric of changes underlying significant^ 
progress in technological competitiveness , Robotics can undoubtedly make sub- 
stantdal contributions to such, progress, but only as part of a comprehensive 
program to improve^ technological competitiveness, . 

Such programs must encompass carefully co-ordinated plans seeking to improve 

„the capabilities .and attractiveness of products,^ to aifept advanced technologies, 
to embody them In modern equipment gf a scale de^ed^ close to pptlmal for the . . 
level of output arid product-mix to be provided, to provide for pro|ressively ad-, 
justing input factor proportions and.equipment utilization practices so. as to 
maximiae production efficiency, and to ensure continuing efforts to improve 
performance. /It would, be impraetlcal.i: of course, to. attempt to adyarice on all 
ai these fronts. simultaneously. But It would also. be. frustrating and ^steful . 
to attempt to make major advances along any of these channels without considering, 
prospective interactions with, and possibly offsetting pressures from, these 
other components . ' # 
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' ' Moreover j recca^lttion^pf thm c^ttplesrtty of thm aiemencs 'inv3lvetf in 

achieving significant advances In teGhnolsgical co^atitivenesa muse be eonifcinad 
with appropriata time .perepectives 'both in ietting Improvamant targets and in - 
planing prograes towards cham* In ietting targets, At is important to base, 
tham'not on catch^lng up, with the ^currant capabliltles of compatitofaj but on. 
eariful av^uatlons of prospeetiva Improvements In their capabilities ov#r the 
naxt y^ars^long^ with parallel evaluations of prospeeciva changes in tha avails 
ability anH prices of all raquired inputs^ as t^ell as In Che output levels ^ .mix 
md prices of products likely to be experienced In the market place* And in 
planning progress , realistic assessments need to ba Mde of the likely avail- 
ability of capital j of the time needed to acquira needed facilities and aquipment 
and for management, engineers and labor to learn to use Chem ^ffectivalyp as well 
as of the constraints likely to af fact the rate of adjustments in amployment ■ 
lavals and organizational raarrangements . %/ 

= , \ ^ ^ . . - .\ ■ : " 

^11 SOm BASIC POLICY ISSUES AJTO ALTJiRNATtVES 

A*' BMJC ISSUES ^ - "S^, ^ : \ 

Although It has already bean emphasised that- the declining international 
competitiveness of an increasing array of domestic manufacturing industries , is 
attributabla to a variety of factors , there can ba no doubt that lagglni techno^ 
logical^ competitivenass and related production efficiency is one of the leadltig 
causes* Such ^lags are due to belated and inadequate adoption of successful: 
technological advances availably from abroad, to inadaquate modernisation of 
facilities and' aquipment 4 to Inadequate Improvamants In production management and 
' controls, and to continued shortcomlnga In gaining labor co-operation for maxl* 
mining tha cost and quality competitiveness^ of products. 

Within this array, programmable auiomatlon is especially Important not only 
because It can contribute to each of the others, but, above ali; because it re- 
presents an essentially general process of proftressiv e advances in technological 
capabilities and prpductive efficlancy. Instead of offering the particular 
locaiized benefits o€ any single ittprovement in process technology ^ or in the 
• capabliity of a new machine, programmable automation may b e- regarded :as a form of 
"contagious*" technology which keeps pressing to surmount the boundaries of any 
given application and thereby to "infect''' adjacent sectors of operations and 
controls. It may, of course, be, appllad banef ieially to single operations, but 
^its major potentials-derive from providing the means of achieving Incraasingly 
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optla^l fun^tionlrit of^ each production uiftlc. Increasingly ^ffectiye integration 

of all CQmponente of production, mnd IncreagiEvgiy effective co-ordination and ■ 

control of other non^production operations -as Well « as was illustrated in ; ' - 

Figure 1. = ■ - ^ '^'.^ , ■ ^ " 

Robots have been and will * of course * "continue to be intteduced si^ly a&, 
direct replacemfenta for iiidlvidual workers perforn^-ng fflanuai tasks. But an?in^ 
creasing proportion of their applications^ In. the future are likely to derive " 
from the continuing developraent and apreaGlng of programmable automation systems * 
which are likely to require comparably Improving capahilitiee In their robot 
components* 

Accordingly i the key issues Involved in Increasing the contribution of pro^ 
grammable automation and robotics to strengthening the international competitive" 
ness of \ domestic manufacturing industries would seem to center around: 

1* the adequacy of the rate of development of the technological capabilities 
of programmable automation sysAms and of robotics relative to the rate 
of progress abroad; . 
2* the adequacy of the rate of diffusion of programmable automacion systems 
and of robotics relative to their capatity to improve productive efficiency 
and cost competitiveness jand also relative"* to such diffusion rates, among^ 
foreign competitors I ^ ^ ^ % . - ' ' 

3^ the relative effects of slower and faster rates of development ^and dif- 
fusion of such systems and of robotics on the competitiveness of various,.^ , 
domestic Industries as well as' their employment levels and capital./ ' - ? 
requirements; and - - . 

4, the identification of the nature, sources and relative Importance of the ^ 
_^£luential determinants of changes in the rate of development and dif- 
fusion of progratranabl^ automation systems and robotties, " > . ^ 
The formulation of effa«ive approaches to encouraging fuller reallEatlon # 
of theN^onstructive potentials offered by programmable automation systems and 
robot ics.would%j.eem to require prior careful eKploratian of these issues, 

B. SOME POLICYcfeDS AND ALTERNATIV . .- " ' ' 

1, On the Adequacy of Pevelopment _Rates 

Until now, ^mqst oi; the development #ef forts concerned with programmable auto- 
mation and ' rob ota^ have been focussed on performing exl,s ting tasks more effectively 
or more safely. Because of the already recognized needs of managements and the 

^ ^ ' ^ ■ . - ' ■ ^ , '. . . 
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conae^ent making of fflarkating problems* early robot mpplicaCiorts'were designed^ 
to replace workers jji dangerous or uneomfortmbla working envlronmetitsi thmn In * 
tasks involving hea'^ phyeipal deraands, and only later, and mor& gradimlly in ^ 
highly repetitive tasks, ' Most such past applications required- few advances in 
tachnolQiy, 'priMrily reptegenting new foCTJs of specialised maQhine dealgns, " ^ . 

Although later applications have required somewhat more comply operating 
and cbntrQl capabilities jdevelopmentai efforts have cbntlnued to be dosilnated 
by the objective of performing existing jobs faster or more accurately* And 
this approach is likely to continue a^ong robot' ffianufacturers because of the in= 
evltably. narrow set of fimetlona to be performed by anyone o£ their products and 
^ the consequent need to satisfy the completely pre-defined par^eters of Che 
cdmponent tasks to be performed * Researc^ frontiers wouid accordingly concern 
ImprDving manipulative capabilities , increasing the precision of actions taken^ 
erih^cing the reliability and durability of operations,, and broadening the 
functions of progr amiable controls through extending the, range of human senses 
which can be duplicated and through Improving provisions for adaptive adjustments 
and "learning". ' ' ^ 

It is difficult to find persuasive data concerning relative progress in the 
development of robo^ capabilities In different countries* Ac tiv^ efforts have ^ 
patently "been under way for some years . in Western Europes Ja:pan and the United^ 
states as well as in Eastern Europe, tad impressive products have been marketed 
by^ producers from each of these areas- American manuf acurers Wve been especially 
"complimentary about the reliability of Japanese robots and about certain capa- 
bilities of "Swedish ^nd I taXikn robots, while also praising a number of domestic 
products. But the readiness of current and prospective American useri of robots^^ 
to rattle off a long list of specific limitations which tend to narrow the range 
of Immediately rewarding applications much more sharply ^ than is suggested by 
general discussions indicates that increased research and development may open 
the way to a major eKpansion of practical robot applicaCions In domestic industries 
And resulting Innovative advances might well engender the rapid growth of the 
domestic robot manufacturing industry in addition to , accelerating increases in 
the producltive efficiency of robot-using domestic industries* * ^ * 

^is raises the question of whether any 'additional, measures should be con-- -. 
sldered by the governaent to augment the limlced but increasing efforts by private 



(8) For an excellent review of robotics applications by a pioneer in their develop- 
ment, see J.F. EA^elbergerJ Robotics in Practice (New ^Yorki- AMACOM, 1980.). ^ 
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mutoaatldn 3ystem\mi^y -%gsu^ altered definitisri^ of the l^nds of 

lfunc,t"ioti eo be conpidmriJ f or \roboc±aat eyen ^ntagrat^ soae of thsae 

fuTOCioni Ip to othar ^to^^ system* It My te 



relavmnt to .»^tion^ in thlS connf ^tlbn thmt' pregrepM tin profrafflMbla autouatlaa = / 

-is often -dise^sad withiof the contkxt of ef forti to develop "automatie factories" * ^^^^ 
"AttKoagh ayelif^chimvemants still peem in r^pect to plants capably of , / 

producing l^rited quantities/ of - a variety of products ' economically as dif^^ 
f er#nfiia ted from con tiriuous ^precepB chemical plants =^ 

.they eKepplify the reverse orientation which is il^^ Increasingly ^ ^ 

important I ieaigningtfe^^^ as a whole and then defining the functions and 
needed char actei*l3s tics of the. exponent i parts ^inatiad-o and 
programtoble -controls for Ja suc^asipn of indivi/dukl operations -within e 
plant characteristics* - /^'^ ^ . . V; 

? \jhat :arfe1the- po^^ sucl^ observatiens? ; ^ere is .a^ , 

^basle wltMn .the ibasic^^^^ of . the toaricarr econ^c /system for- questioning ^ - r 

'the advis^ility ; of ^ernmental support for ^for ts by private ft.r^ ■ to develop 
appropriable coniercial iTO?^^^ in robot capabiilties or in pther tech^ ; 

nologies But there are very cogent; reas govern- 
; ment's resporisib|Litv for support tog search and d^elopment^ programs seeking \ 

to extend ;and enricft|Ha-c^ mnd engineering, foundations of \ 

^increasingly effective, Induptrla^ / ^ 

' - . Host private £lr^ : seldom undertake technological 'daVelopmint program which 
[ ai^e unUkely to reach comeraal frxiit^^^ les^^than 5 ^o S years, includini ; 
Che c&e necessary^ to cAstruct needed production facilities and to begin 
ttarketing their praducts/ ' One of ^tfh^ prWising means of multiplying such 

p^vlte efforts would be to Increase the^rriy ofVtifhnologles which have emerged 
^fom the of ten lengthy, costly an^/riskr^roci^ development^ 
/between basic research findings and % level of refinement deemed to be^ithin _ 
striking distance of appropriable for^ of comer cialization. Moreov^, such . 
Advances represent additions to national resources of knowledge which are llke^ 
stimulate application efforts in many .other sectors of the economy and sobia ^ 
^ services, including office Operations, cks cruet Ion, ^ household services and health 
and rehabilitation actlvlcies.^-^^ . % / ^ ^ 



Yim As ah illustration of current efforts in this ^direction see_ Froceedih| s^ ; 
■ t^/;».^f^^t"wesc Conference (Dearborn. Mil ioeiety of ^ManuCacturing Engineers. 
NovV 1910) Volumes I and 11. , 

(11) For further dlsousslon. see B. Cold. ProdueClvlcy , ° f ."^^.ffP^^^f ' 

^ ^ Eeonomie'Analyala. Managerial Serategles ^r^A Governm .ne Policies Clewing eon. MA. 
D.; C. Heach - Lexlngeoii Books, 1979) pp. 302-303. = , 
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It should also'bm noted that one of t^e most Important future souifeea^f f 

techriologicgl compLatltlven^ss In ttanufacturing 1^ f 

lacreasingly eneompassing syataaa of prograttm^ble auTfcmation ^7-: yeJt " . 

adv^ncad aufflqlantly to ninlmiia the poaslhlllty that, intanslf led doMe|ic \ - ; il' 

'^ efforts might nQt ^^niy matah but might even surpass foreign pragreka. ^ ahould:-, 

be recognized , hoWever* that vendora of particular I components are not likely to 

makeYubetantlal inveatments . in developing broadly cqo^r eh ens Ive ays terns of >pro^ ^' u'^^ 

'gramable controla* ^ Indeed ^ they are more likely to reaiat any such developments l l \ 

which might genermte requirements for aomponents with' characteria ties different Vi' 

from their own offerings- ^reover^ few manuf^cturera are likely ,tQ develop 7^: , = ^ 

programsiable 4utommtion systems which are applicable beyond their own tmlque i ■ 

operating and organisational arrangementa * Hence,, the practical queations would : j 

seem to be: what span of operating and functiWal coverage would be applicable .. i 

widely enough to warrant the ^investment in, developing it? and who might . consider ^ ^ 

it worth making such a comltment? If forts to develop such ayatema la aircraft . - \ 

n&nuf acturlng planes are being supported by government agencies* And Borne private--^- r 

firma have joined in developing aome^ common components of such syst 4ms, .But no ; ^ 

comprehenalve review of what needs to .be done* or what the.be^fita of more af= : 

feetively organized efforts might be, is available at this time. Here, theuj Is ; = ^ 

ano.thet area , in t^ich governmental support my- yield valuable contributions to . / 

advaiacing the coropetitiveneaa of domestic manufacturing.^ , ^ ;./V ■-' 

2* On the Adequacy of Diffusion Rates .7 \ " ~- ^ ^ i " 

^e impact of technological advances on market competi'civerieaa ia determ'ined / ' 

not by the location or ratp of their development , but by i the rate of their dif^ . v 
fusion and the extent of their utilisation^ AlthougH aomeoba^vera claim that ^ 
"Japanese Industry has surpassed the United States in<t,)ie = ueiilsation of pro= " ^ 
gramm^ble automation systems as well as of robots t auch applications still acQount ^ 
for 'only 'very limited sectora of their manufacturing i^idua trites^ and are, even aparaer 
in Western Europe, Accordingly, there la still a wid#^0peBpQppQrtuhity for domeatlc 
manufacturing to overcome its current laga In this area and thereby achieve major ; ■ 

Imprbvements in Its productive efficiency and cost competitiveness* ^ - | 

What factors have retarded the more rapid diffusion of these technologies? 
Perhaps the most important influence has been the basic unawareness of. moat in- 
dua trials managements of the far-reaching potentials of this burgeoning revolution 
in manufacturing technoiogy. Such Inadequate appreciation of these potentials >, . 
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ina^ be atttlbutad?ia part to xhe limited kttbwladge of such, capffeliitles of most 
of Chi aanior etiginaering of facials /rgspDnalble for adviaing top manaiemend about \, 
^* Iffipertint taehnolegical 4ivalopmen6s* Another influaatial factoid lias been ttt© . \ 

tendency of fims to 'continue relying on proceaies for de^'^Iopi^^g innovational 
^ propoiala, and on capital budgecini models for evaluatin§ thtojj whi^l^ worked 
/ reasonably well for incremental improv^ents in established tedmoiogles in thm 

Uast but which have serious shortcomings in. generating an^ ayaiaacing proposals 
/ Vfor major advancae in technology like progr aiffiia ble automation* /r- -_ ■ ^ . , 

Such rastricted peMpecfcives have also bean aupported by - the concentration 
of most vendors of pregranmable control systems -^nd of robots , on- selling bits and 
piaces to the lower level officiala^ci^cemSd with the sub^actors; Mkely to be . . . 
dlrectiy affactad by their application, thus. rainforcing the traditional view 
that technical innovations can best be evaluatad by specialists in the oparatione 
/"iimnediataly involvad'instea^ of emphasisiBg th^ in these 

v. emerging tfechnologias * Widaspr ead awareness of =tha short cbmlngs and rasultlni 

panaltias of soma early a^pli^lons have also eneburaged dislntereat in these ,^ , 
- developments, €t is ttportanC co racognd^a in addition .that most universities 
have been quite backward.in recogni^ng |he new potent^^ tech- 
nolog? ^'of prpvlding. the educational and research facilities needed 

■ to train' urgently /needed specialists Ad^t^provide urgently na^ed adv in 

related knowladga^ , ^ 

There woui4 be no basis^ of gourde, for efforts by govamment to urge all 
manufacturars to adopt these Innovations, inasmuch as differences, in their needs 
and resources ensure that no advances in technology are equally attractive for 

11 firms even In the industries most diractly affected. But it might well be ^ 
desirable for govermsent agencies to undertake active programs to help develop 
fuller understanding, to Ind^ the potentials and accomplislwients, as well 

as the current limifcat ions, of prograsunable automation systams and robotics ^- 
including- periodic reports on progress, in the development and utilization of such 
advancas*abroad/ And such agencies might well consider exploring wl|h a ^reasonable 
array of universities the possibilities and desirability of expanding educational 
as well as research programs in various«^f ectors of manufacturing technology — and 
helping CO finance the acquisition of needed facilities as well as some scholarship 
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3. ' Effact3_Qj; Altertng Davalopment mad Plf fusion Rates 

. ^ . AppffaiMlng the mdaquacy of Qurtgnt rates of adopting and utilizing progr^-^ 
. mabla autoBatiori and robotics obvloualy requires consideration of attendant *^ 
e^efita and burdens. Past adoptions of both hive been sufficiently ii^Lted and 
gradual to en^nder little observable eff ecti on the employttenc tod skill 'reqi^r^ 
seats of the work- force, while increasing the need for servicins personnel* Hiis 
esqperience has engendered %some unconvincing assurances that the accelerated dif= . . 
fusion of such technologies will not entail significant displacements of labor 
at the same time that others haVe emphasized the urgency of = utilising thes^ advueee 
in order to overcome vierious s^^fcomings in cost epmpetitiveness throu^^he 
attendant reductions made pdssible in labor requirements^ ^ 

The basic fac^ Is ^ that unemployncent in any f irm is caused primarily by a 
decline' r!ln its. compe tit ivenese. If it fails to adopt the technological .advances 
utilized by cbmpetitorSt its employment will declifte much more rapildly t^an If it 
adopts such ^vances, even if these ^involve some displacement of labor- Ifareoveri 
for many domestic industries such effects represent costs which have alraidy been 
exafified and which ' threaten to becomei- even greater if technological lags are »not 
reducAL Regaining competitiveness. In some domestic industries m4y now require 



'reduetionf in^man— hour reqnirements- per^ unit of output of at, least 20^30 per 

(13) - ^ ^ ' * 

cent* Moreover J such lags arp continuing to grow as foreign competitors'- 

effort-e to surpass/ American performance keep Intensifying « M may be l^llustrated 

by Japanese developments in the steels automobile, machine tool and semiconductor 

industrfes. In shorty major improvements in the performance of domestic industries 

is imperative. Hence, rejecting attempts to accelerate the diffusion of progra^ 

mable automajiion and; robotics could OTly^be justified by identifying and^thgni""'^ =-=^ =- 

promoting other means oJf^chieving the needed ikrge advances In the productive 

efficiency and cost competitiveness- of .major Industries within the next five years* 

It should also "be recognized that implementing the major ' advances iri tech= 

nology involved in .accelerating tha application of programmable automation rapresents^ 

a .much more difficult and far-reaching challenge to management than is generally 

recognized. The key reason for this is ^the failure to recdgnize ^that basic tech^ 

nologies are built noti only into the production machinery, but also Intoi 



'tis) For a comparison of labor requi-rements in the Japanese and UtS, steel Industries , 
see Golds /'Steel Technologies Costs in the U,S, and Japan'*, Iron and 
it eel Engineer^ April' 197S. Japanese translation in Joho Shuho (Tokyo) 

" , July/ 1978^ " ' . 
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a, the expertise of the. technical p^r^o - ' " ^ - ^ - 

b* the s^ructure^^d operatidn of the production systemi ^ 

c* -the economleally feasible range of changes in'^product . daeigns product- 
miK| ; ^ S i ^ ^-i;^-— ^ ^— 

d, and the ve^ criteria uped to evaluate the capabilities of new-capital 
goods I as well as . ' > -. ' ^ ' * _ 

e* the skills -and organization of labor, 
Emch of these represents powerful and mutually reinforcing coimsitftants to pr€=!\ - - 
serving existing operating and organlgationai arrangements , except for small, 
gradual and localized changes. Hence major advances are not likfely; to %m achieved 
unleaa they are pushed aggressively by senior managers consaicted to achieve them 
and willing to invest the resources and to introduce the organizational means 
necessary to imple^rit such programs s / » 

4« Other Incentives and Deterrents 



One of the most important stimuli to the increasing diffusion of robots fias 
been the gradualiy' growing awareness moong managements, engineers and l#bor that 
these have proven themselves practical and economical in an expanding array of 
'application^ , and hence are becoming aft increasingly unavoidable option among the 
alternatives to be considered whenever plans to improve productive efficiency are 
being developed. This fact alone has forced production managers and engineers to 
seek more informatfon ab&ut robot capabilitlei , limltationi and costs, chereby 
sensitizing them to the kinds of applications where they might prove most rewarding. 
-_^And-_ such^lnquit ies_ from prospectlve.^customers. obv iou s ly^JieJ.p__t^jo cue the 
sent efforts of robot manufacturers on meeting newly emerging market opportunities- 

On the other hand, ' one of the influential deterrents to more rapid adoptions 
of robots has been managerial, concern about labor reactions- The introduction 
of robots to replaee operators in dangerous or especially uncomfortable environ- 
ments was readily accepted . of course* as. was their uie in unduly exhausting jobs- 
The use of robots in highly routlnlaed ("boring") jobs has also been coEmonly 
accepted by labor provided that the replaced operators were given other assignments 
But there seems to be widespread concern among managers that robot installations 
which threaten substantial employment reductions in existing plants may well en^ 
gender serious labor problems * whose resolution would be likely to reduce expected 
eost^savings substantially* Major installations are accordingly likely to be 
restricted to new plants which can establish new jnanning levels in accordance with 
their new operaCirig characteristics. Such managerial concerns need not, of course. 
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prevent the increasing \mm of robots in oldsr pi jate ^ but they wou^d seem to 
encourage introdueing robote «hly elowly and In scattered opera^tionay thereby 
minimizing the rate' of gaini ln productivity 'and cost savings while .eaaing labor 
resistance. Only when an iTOediate threat, to the survival of the. plant is r^ . , 

cognized by labor are such resist^ces likely not to Inhibit fflajor raadJuBtments* 

But it. should be noted once again that iarge scale introductions o^ftobots 
would seldom offer substantial economies anyhow-^ eKcept as a means of ii^ementing 
plans for broader programmable automation* And these can seldom be retrofiifefed 
into old. plants^ except through major modemlBation programs involving. changW/ . 
In production facilities and equipment as well as operating practices* • \^:r 
Consideration of large scale . programs of progra^able autoiaation and roboc^X 
lcization» however, raises fundamental questions concerning the, past balancing \ 
of prospective incentives and deterrents by managements, and the possible need \ 
to shift that balance to; provide greater encouragement to undertaking the costly 
and risky comnitments involved In developing^ and adopting major technological* \^ 
advances* Key elements would seem to includes \- 
a- increasing the prospective profitability of longer term investments in 

advanced production facilities and in seeking to develop major techno^ 

logical improvements in processes as well as products i 

increasl^x the avail^ility of trained technical manpower to guide and 
.* manage such^ ^levelopments as ^well as tne availability of a richer f oua= . 

dation of scientific and technological research and pre^commercial . . 

development as the basis for private commercialization efforts | 
c., increasinjg labor recognition of the urgency of achlevlni major advances 
in cost competitiveness In order to ease threats to employment and also 



easing resulting burdens on labor resulting from qo^operation in the 
utilization of technological innovations offering such advances- 
Meeting such needs would seem to require substantial contributions from 
the government j from labor organizations and from universities as well .as from 
industrial managements. And failure to meet such needs would probably exact 
penalties from eaich of thfse beneficiaries of an effective industrial economy 



(14) For more detailed discussion,' see B* Gold, Productivity ^ Techngloey and 

Capital. Economic Analysis » Managerial Strategies and Geyernment Policies 
(Lexington, MA; - D, C» HeaYh~- Lexington Books * 1579) Chapter 17 , Also 
see B* Gold, An- Improved Model for Manajerlal Evaluation and Utlligatlon 
of Computer^Ajded Manuf acturing i A Report to the National Research Council 
Committee on Computer-Aided Manufacturing (Washington^ D* C. , March J981)** 
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Fig. 1. Oiaracteristics of Manufacturing - - 

= This report was prepared for the Robotics workshop of the Congressional Office of. 
Technology Assessment held in Washington, D.C. on July 31 # 1981. 
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INTBODUCTIOH ' ^ ■ . : ; ^ . ^ ^ \ . ; = 

Mora attraativg teahnologyf the end ©/ the - baby boom, the need to modernise an aging 
^ U-S* manufaaturing base and fco-reduQe^the use' of labop more axpensi^ th^^^^ our^ 
international Qompetition, and. a mora^ favorabla tax structure will lead "to inoreasingly 
: automated factories./ One produot, the robotv is likely to baGom# a key building bloak 
in the penetration of faotoryl autonation into the raanufaoturing worlds Thm purpose of 
thia report is 'to provide a frame*?ork for analysing ^he^robot industry and ,tts 
interrelationship with U^S^ Eaanufaoturing teohniques-i =^ . 

. v= This report 'is divided into several ^seotionsi ^ ; , 

^ . iin overivew the general status of UpS* roanufaoturing and the potentlai need 

for robots* ^ " * . 

_ . ' ^ ' ^ " ' , " \. 

^ - analysis of ourrent and, potential uses of robots. 

kn analysisf from the robot producer^' point of view, of the likely evolutioji*' 
of the robot fliarketj and key cpmpetitive f^stops- 

■' ^ A disoussion .of the impact of rabo^s on manufaetur*ing operations-. * » ^ 

* * A dlseussion from both the producers' and users' point of view of capital 

availability and potential financial incentive programs whiah could foster the 
development of the robot industry* ^ , 

.OVBRVIIW^ ^ . ^ ^ " 

- THB FACTORy - ' ' . ■ | ■ ^ 

The automated factory has been a dream of the manufacturing worlds . The product ion 
manager, always prassured to improve outptltf h^s" been influenced by classical 
economists who ranked technological advancement as the most imj^prtant determinanLt of ' 
productivity (38?), capital investment second (25$)^, with labor; accounting for only- 14$^ 
- of the. changes. However, U*S* business has had to opera tfe in an exceptionally ^ 
difficult economic environment during mQsb*'of the 1970s, a period of rapidly increaisng 
inflation, exploding energy prices and'g^ratinf money markets* ^ese faators.^ 
contributed to a decade of sluggish economic growth, weak research and dev^elopment ^ 
spending and economic policies that favored consumption over investment! resulting in 
real capital ^spending that sigriifieantly trailed thi strong outlays of the 1960s* ^ The 
1,5^ productivity growth during 1973-79 was half our historic average, with some . 
economists suggesting that labor may have been = the only factor in the classical 
equation that contributed mora to productivity growth since 1973 than it did from ^9^^^ 

July =31> =1981 — : - - Eli Lustgarten ^ (312) S0Q-S213 . 

'h« ilrsfmitiQn isni«in»d htrtin ftm% Ss*n sBtims^ Uqm ^urcat w* A«li9vt to ^ raligBis. gyt lii secyracy ii nsi gyarantVtd. Pimt V^«5&«r Mil^hali Nyidpms ing in^or ^mtni V^b^r 
aelAdn 4 Curlts Ingsrper^ita ind/sr B\fih Eaifman ^sm* WtB&«f Ineofpsrai^d, aifililtid {ofneafiigi and/Qf IR^ir sifiiiri, SirtQtQfi. tmpiOfmrni Qi itBQttfiQmtti mjy H timas 
Sflfiisri. ineiuging an ifDilfaga sr Qfiiipn gBiiiion. in tha aaEufilias daieri6~4d htftin andTnsy Safl Sf QUf \hmm IS of tfQm cyilSmafi. fhaia EsmOimama^ itQm uma \b Umt aCfras a 
sfiayliani toaeBmp^nir B«ing rsoQftad ueorl. ^f^jrfign iMi S't Piinm vitb^at MttmhrnU Hutmhxni l^.e . iii ngMi 
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Real'GNP R«l Gross Priva^ \:ftal^5u».r8 , 8"!?^^ '^^^^^^ 
^ ' Growth Fixed lHveetfh..Ht. iQulpmant Spendlna . ScSHth 

,959:72 3.8% "^ii - ^ ^I'l^-^ i:?* ■ lisj . 

1973-79 . 2.5% 2.1f 2-a% ; ^ » 

Th. eoonoBio envlronm.nt of th. 1970, also ftvoMd o«ptt.l^o«tlaya th.t r.,.^^p a 
quick paybaok, eoonoBlata Burtop Ma 

..ppom 194a to 1973 the (net book value 

unit of labor mem at an annual rat. of almoat. 3 P^^'f ' f f ^ 
1973. however, Iwar rates of private Investment hav, I'f 'o^* ^ > 
deelina m that growth rata to 1.75 peroent. Moreover, the repent 
oomposltlSn bFlSv.atBent (In 1978) ha. be.nflkewed toward equipment- 
■ and riiaMjirfi short-term projeota and away froiB atruoturea and 
relativel? lon^lved Investments. Thus our Induotrlal p lant haa . 
tended to age. 

The deline of the U,g. manufaoturini baaa Qan olearly be aaen- by looklns 
at the age of U.S. maohine Cools in p lade (Table 1)i ■ , ■ , 

. . Two-thirda of all U.S. maohine tools are over ten yeara old and dha-thlrd are 
more than twenty years, old. • - ' ' * 

' The teohnolOHical' penalty is even , nora severe as aophiatleated nu . 
V oSntro! Squlpmant; has made only alight inroads Into the mnufaoturlng prooeaa. ; 

> By contrast, oapital Investment aa a peroentage of aNP. in Franoeand West Germany, 
.waa more thSn 30^ Iraater than that in the U.S., while in Japan the p.ro.ntase waa 
almost double 'OUrs- " . 

^ Corporate manaiera, shocked by -falterini' productivity '"f l^^J^'f^f '° 
international aompetltlon, have beaun. to perceive a 

deterlora-tmg competitive poaitlonS and the aegleot of the part of their businease^ 
■1hat"aotuaSy proSuoea goods. However, until reoently, productivity, was an economlat s 

term raraly used by buainasamen. It la now dawning ort some manageraenta that ^ 
-reaponslbiLty for their dompetdtive liatleaanesa oannot be blamed a imply ^on the 

decline -fef work effort, unreasonable government regulation or a ahortfall.,in capitpl . 

InveitmenL^tSer. they are beginning to see it as. sympt^B^tio of aome thing wrong 

with the way manufacturlrig operations are aoA UP' and organizea. . • 

As previously indloated, tecKhologloal advanoement. inqludlni improved management 
technlquL and integration of the manufacturing prooeas. is the- moat ifo^ 
ih^hi'^llssloal equation for produotlvlty.- Hence, two ^afia juaf ^ 

and robota offer prime opportunities for Improvement. U.S. Induatry, today la juat 
leglnSng to "Ip Ihe harvest of aomputerlMd Innovations that-could revolutionize 
'produetion proceaaes during the T9S0b. " ' 

* Until recently, the rationale ' for robots was that, they 'were useful in heavy, hot, . 
ha.ardSus Id even boring environment,. I", addition to this ability to remov^ 
from an unhealthy ahd/br even dangerwis environment, robota are a key engine of-ohange 
K the maSulaoturing prooess. Bobota. particularly with ttfe addition of computer , type 
oirouttry, are the, initial entry into flexible automation. ,' ■ 

' . American oorporatlona have been behind the, Japanese in recognising l^a Potential Jf 
comDUters rnnd robota for reducing pfoduotlon ooats and increasing the flexibility and 
vSatnity of faotpry operations. While the p,ntratlon of robota and computers into 
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Tibli li Miehine fesls in Uii* 



I Of Total 
Machinei in Use 



IJndar 10-20 Over ' 20 ; 1 Numerical 
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Source- American Mohlnistr 12th kerican Hachinary Ipintory of Metal Horking Iquipnient 
li76-7i| Verein Deutscher Werkzid|iiichinit!fab& i,V..; mtBA Statietioil Handtools. 

*Data'baiid on- 1971-71, except for Japan, France and Italyiwheri the dita is based oiv a ^ ; 
;., 1973-1^ iurvey, ^ . , . ■ \ / ^ \ 
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the manufaoturing iiorld will be eonoentrated initially .into those areas whiah will" 
reault in raduQed manufaGfcuring costs ppiffiarily through direat labor savings and 
©nhanoad quality /the ultimate evolution will probably be toward eneompassing that 
fceahnology rfs part 43 f a flexible ^mahufacturing systems approaeh to produGtion^. A 
reaent Machiae Tool Task Force study highlighted the oharaQtaristiQs of manufaGturing 
CFigure 1) and advooated the devalopraent of flexible tflanufaQturing systems to handle 
produetion at more eGonomieal eosts and at an inoreased rate of produotivity ^ 
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Thi dacade of tfia liSQs ^will mmB thw^nm^i tofimodBmimm th^^ U^s\ fflanujae:^ur±ng ^,ase at a time 
whan the ehmnge in demsgraphites will/ragult in a. shaafp dsoline in the^ nmnb#r Of worka^a avalW 
able for 6lua collar gobs ai well as an overall drop in the^ ntimba-r of paople^ antaring tha wotk 
foroa as a who la.* U.S. industry ^ will hava ^to qtiickin its =pace of autopation.if.it is t^s ramain 
compatitive., and only thtough the widaipread uaa d£ oomputers and rotot^ in= tha manuf aetmrin^^ 
sector Will the automatad fa'Ctory evantually baedma a raality. " 

AN ANALYSIS ' ' v ^ 

OF RQBQT_ygE . ■ - = . ' _ ' - ' - ' 

What Exactly ' : . ^. . \. . 

IB a Robot? * ■"■ - ' ^ ' = .j i - 

Disagreement exists, imong both foreign and Ameriean manufacturers ovar tha appropriate dafi— 
nition of an industrial robot: . ^ . ' - 

' . ^ The most widaly quoted de'finition has bean publishad by tha Sobot ;InStitute of - ; , 
America (RIA) , a* trade asaooiatlon of trada manufacturers and tisers* The .RlA '^ 
defines a robot as .*a raprogrananabla ^ multifunctional manipttlatsr designed 
to move matarial / parts, tools sr speeialiEed devicas through variabla motions ^ , . * 
for the » parf ormahca of a variety ©f tasks." 

The Japanese Industrial Hobot Associates (JI^) specifiad four levels of robotsi 

- Manual manipulators^hat perform fixed or pre^set sequences, ' = ^ . 

2.. Taaching playback robots that rapaat fixad instructions after baing . 
taught a work procadura. - . . 

3, N.C. robots ascacuting oparations sn the basis of numerically .codad , 
information, 

■ 4,^ Intelligence .robots that parform various functions through^ its sansing -. . 

. and racogni^ing cap^ilities^ ' ^ . r- ' ' 

' . ■ ' _ - ^ . -■ . _ ^ 

while many othar dafinitions abound, -the kay diffarence is that by eonsaojily- accaptad Amarican 
■Standards, a robot should ba both jprogrammabla and varaatila. Hence, the RIA' would not includa 
manual manipulators, so th'at Japanasa and u> S. . robot population statistics are not precisely 
comparabla, *Def initional differancas aside ^ Japan leads all other countrias in its acceptanca, 
use and government support of robots. Their industry laad is substantial # particularly whan 
viewad^in ralationship to the Relative: sl^a o'fi thair QNP» 

Jr*p»n ■■ 47 .QQQ is, BBS S?* - ' 



Wast QB^stny iiilQ \-\ 5S9 S 

iuc4sn §BB 3 

Italy iSS * 3 

Paliftd - " 7^Q 360 2 

England lii 1 

' Finland 13a^ ^ 1 

S^hsf ^ _l,4pQ ■ 8 

Tafeal . 17, see 100 

Frefrac^ei* Han^isEva eancgallBd -^QmRmWik PuEpais . > lllBB 

§«£ve Csn&falled -^Polnft is Peine 1*800 

* . , ^ TTHf 
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There are^ tiaiically. twQ clas^^s e£ rpbotg: * " ^ . ^ . = ^ 

. \ '\ Non-serv© controlled rob&ts in which the ^dol eenter psint^ean stop only 'at the 

=^ . end points of each axis» Many' different motions oan be prograramei in. sequenoe, " ^- 

' ' but only to these 'end ptfiSts. There is no provision for aoceleration or deceleration,. 

= r Servo controlled: -robota are far more sophisticated and can gyerally. be progr^^ea ^ 
to Stop at any point within ite range of movenient.i^ Motion ip controlled by oil 
flawing through servovalvea or by D.C- motors * allowing acceleration or decel= . 
' eratlon to be achieved. -.- 

. . ^ Robot control usually taikes two forts —point to point and contin^K^us path= A 

point to point robot can be pregrM«aed to atop at predetermined points ^ but move- 
ment is not conttolled between 'theae points. ,h continuous path, robot can follow 
an irregular path exactly- ■■ . . 

■ LOW techHclogy rofeota can often oomplete a" task as well as the more sophiaticatea modelst 
The Japanese appear more acutely aware of this and tend to concentrate on implementing existing 
technology. . Above all, the ihduatrial robot muat be. a practical device; to succeaa fully pene- 

■tratr'the manufacturing world. Our diacuasions . with many induatrial manufacturers . indicatea 
three key character i St ica- raguired by tiserai ^ _ 

.:1. . Fle^bility of applications, either in the area of (material) handling :or aa . 

a procesaor (painting, welding, etc.). ' . = ■' - - J . 



2* High level of reliability, with a minimum of downtime- ; = 

3. Ease of t^ching, either with on -or .off llJ^a programaability , uaually with 
teach boxes- ' . 

who Would uae 
^ Hobotst How. and Why 



Xn 



ig7t the RIA estimated that six industry se^ent^ acceuf^t-d for the bulk of robot 



u.s* ^ ; 






^ ' .Table 4? i979_ 


Estimated Unit Shii 


.aionta : 




Units 


% of Total 


Automotive 


_ . 249 


18 


Casting/Foundry 


29S 




Meavi^ Mahiif acturing 


138 


10 


liight^^nufactUring 


il3 


37 


Electrical/Flectronic 


iss 


11 v.. 


Aerospace 


13 


1 


Other 


33 


I 2 


Total - 


. 1^400 


100 


Source i SXA. 







A= the maiority of robots installed in the U.S. today Are low or ^edlum technology devices ,^ 
thS%naly"fi Si user putohaaa. of robots by value would probably yield a different hierarchy 
■o£ industry segments, with t-he; automotive industry clearly in front. Our end use market by , 
Industry sector- appears to 'be developing along the lines of the Japanese industry (Table 6). 
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5s aapaiyiiB Market 



Inmellifent Eebata . ' - ■ . * ^ - 

: Tabla 6^' Value a£ 1979 Rsbot Shi pments ta Usftgs in Japan - 

Plastic Molding 8^1 ' 

, Matal Froducta - . ' . ^ ^ . 

■ #^ - -. praciaiQn Machining • = ^ _ go.,.. 

S Metai ^©rJcing 41' 

Ison S steel : . i Q ' ^ ' 

■ Other - / . - iQo!o ' 

^ Total / •. , . ^ 

facilities aa high as 14,000 by 199Q. . \ ^ . ^ 

T able 7; Poasilsla @i Hobst Baie (C^ulativa) - ' - 

1978 1979 1980 ' 198.4 ^ 1916 1^58 f Mfi— 

Cwimlativa IST . W .S.iOO 6.S00 ; 10,000^ 14,000 

Sou3fea-i' GM. - ■ ■ ^ "_ ' ■ 

^- ^abatica market is a^^ected te ba feminatad by the automotive "^and ■ other he^avy manu- 

fi.at half of the 1980a th. principal application. ^ - 
£e unlikely to vary significantly from tha current usaa ovar the ne^^ta^. ^ , ■ . 

/ Spot. welding, which wa estimate to account f^^ \ 
35-40% of total robot industry lalea. = , - ^ 

; Material handling, including machine loading'^ , 

. Die casting, .investment .casting,, stwnping. forging and press loading. ^ ; 
Paint spraying and finishings ^■ 

. Palletising^ — . . - - - — - 

. * Assembly^ ^ ' [ ■ ' 

^ A^i^ 19SQS ^arc welding systems should begin to grow rapidly and become^ 

Toward tha middle of trie . i^^ys , - '^^i'^^"^ ..^ -^^^^3„^ ntiT-i ne the latter part 

M be the p^iniaty weas of growth, with assembly alw pertaps MprMsnting 3S 40% We _ 
and peth*p» neMly half of the annual growth. 

■ The traditional rationale as to Why industry pu.feha«d robots was ^^^^^^^^^ 
. inoreaw produotivlty and fr^e wori.«s from borln, and unsafe tasta. J 

by the. society of Manuf aoturlnf Bnfinews CSMi) indicates that there are two Hey eac - 
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the ' ifspor "tant eriat^ria for totet puffchaaaS:'. . . ■ ■- ■ * . 

' - ' - ' ' =1 " , * " . . ^ . , . 

2\ Pta^tda direct labor iavirifs, " \ 

Omher factors al§b cited include enhanced product Iguality,, an improved working environftent 
and tying into other forma ©f eamputerized automation though ^the relative impb^^aoca. of these 
are clearly belov/ the first twef mentioned- The median average es^ected payback period' runs 
between 2^3 years and is n^t es^ected to change materially^ during the firat hait^of the 1980s 



Table 8s 



Median Average l^ected ^'ayback Period 

- ■ ^ 1S8S 



^ptomotive 
Gas ting/ Foundry 
Heavy Manufacturing 
Light Manufacturing 
Electrical/Electronic 
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While foreign built rotots aire not a significant factor currently/ it is e^^ected that in— 
creased ej^orts from Japan by 1983 as well as'Joreifn owned U.S. manufacturing facilities 
will lead to foreign manufacturers maintaining a -significant presence" in the market. - The SME 
sxirvey suggested that 20% of the dollar value Of roJsots is likely to be supplied by foreign 
manufacturers , with cost advantage and overall quality (manufacturing and design) being the 
key factors that led to a foreign built purchase, . v ' 

Robot Demand Expected . ^ . 

To Be "Sensitive To " 

Economic Cycles^ _ -_ " , = 



St appears quite likely that defnahd for robots as well as o^er factory automation equipment 
will be a cyclical as _well as a growt}^^»sarket . Using ejected cost reduction and direct labor 
savings as well as productivity improvement as" part tffi a return on investment analysis suggests 
that manufacturers will be sensitive to a reduction in business es^ectations and cas^ flow 
which can result from an economic downturn, ^is has been the case in Japan where industrial 
robot sales in te^s of both unit production and value showed moderate sensitivity to economic 
conditions in 1971 and 197S despite the small sise of the industry. % 

It is conceivable for the U-S- ro^t sector to evolve into a strong cyclical growth market - 
somewhat -^akin to the minicomputer or semiconductor sector^ i.e. strong unit and sales growth 
with each trough in demand significantly higher (perhaps 30-40%) than the previous trough. 
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AM ANALYeXl Of . ^ ^ ^ - -. ■ ' / » ' - . " 

To £volva in- fc hs ISSOs ^ - _ - - '= 

' In 1980/ aales of robots by 0*5* basai eompahies^ approaQhed $100 million^ up sharply from the 
astimafeed $6Q=6S million in palas. in 1979. tfhila a growth ©£. S0%" is ig^tessiva dutijif a racea- 
sionary anvironmantr, tha robot industry aiie was stiil lass than 2% of the $4.69 billion ' machljia 
^ tboi ind^try with which= it bftan was-miatakanly inoludad and an ^insignificant part (4/1900 of 
1%) pf U-S. GNP. While robots are oommonly asswiad to be an^Bxtension of tha machine tool in-^ 
diistry bacauaa of its strong ties with manufacturing , we balieva that tha industry will evolva 
into its own "i^sat of the flaxible automation equipsant sector with a multitude of aegsants 
much akin to the early developmarit of tt'e minicomputer industry in the 1960s and early 1970s* . 
However; in contrast to the-minicosputer industry, it is conceivable for the major participants 

.in robotics to significantly, change character by the next decade. We baliava it is likaly for 
a ^significant portion of robot manufacturers to become part ©f major companies or ganisa4 ^ j 
supply systems and subsystems for the , factory of tha futwa- A pure so bo t company might only; 
servica a small, specialized se^ent of tha factory automation market* ^ 

It is our opinion that the structure of tha robotic sector will av^ve. in a manner similar 
tq. the aarly stafr development of the minicomputer industry. Through the rid-l960s, the mini- 
computer industry was dominated by two major computer manufacturers. Begiiming in the second 
half of the l96Qs and into the 1970s , this sactor davaloped a mora elaborate at rue t we* ^ . . 

Table 10% Structure of the Minicomputer ihdustry in 1970 
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aasentially ba split into four 



iegmantS: 



The and users who could* * . - . _ 

purchase a system from tha original equipment supplier diractlyj or. * * 

sometimes go to a group of independent consultants who help the purchaser ' 
put together systems .and suhsystams, or* ^* 

sometimas turn to a company that has developed a tuffnkay product using om 
supplier* equipmant as the heart of the system^ ^ .- " 
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As users tiaeaine mora aophisticstad* they asstffliad " graater raspbnsibility for tha intagrmtion bf 
the systam. A sarvicf lagmant began to avplve about m dacada latar as tha indicatad base of 
tha produot grew* ' - ■ ^ ^. . . 



- The robot industry appears to be. davaloping along the aama lines* Currently* two manuf aoturars ^ 
Unijnation (subsidiary Of Condec) and Cincinnati Milaoron, dominate the industry- with ary estimatad 
70% of the markets These companies are four to five timrfs larger than 'the nearest competitor 
(Table 11) w 

: Table ll_g_ ^ Estimated '19BQ_ tJ.S." Robot- galas by Manufaoturar . / 
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DaVii; 

AgEA 
' PHAB 

AutiO Place 

Nordson 

Hobot ' ^ 
V^utomatix 

Other 
. Total 
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gales 
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I 40.0 
. 30.0 
9.0 
7.5 
6.0 
4.5 
0,7 
0.7 
' 0.4 
1.2 
" 100. 0^ 



Purchasars -*during--tha early marketing stages worked with the robot supplier in ordeV to inte'*^ 
grata robots into the manufacturing process and occasionally outside consultants were used b^-- 
causa "Of tha lack of suppoi*t available for the procass. 

Over the past several years, U.S. manufacturers have altown increasing^ interast in tiie concept 
of families of parts for greater manufacturing efficiency. This has heightened the interest ' . 
of U.S« companies in flexibla manufacturing systems and manufacturing cells with the prirrtary 
goal of- generating a high level of production of a wide range of family components with the 
fleKibility to change- ^ a capability previously available only with a sharp raductionV.of output. 
This change in the 'manufacturing concept has rafocusad the efforts of 'robot manufactuf'prs ^ = 
toward tfte growing areas of applications and systama. Moreover , new companies such as -Automatize, 
Inc. and Robogate Systams Inc. # wer^ founded, on tha concept of turnkey Installations integrating 
robots info flexible manufacturing sya tarns. ' ' 

The likely ^evolution of these developments qan probably be illustrated by "the responses of 
U. S.' manufacturers to the 1981 JME Delphi Forecast for Robotics (Table 12). Jn essence* the ^ , 
pur chasers, of robota will continue to make use of independent csnsultants> but also willS'turn ■■ 
more, and more to turnkey ayatem suppliara during the 1980s. * " 



Table 12%. UMmKS Will, geek Msre Help 
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Longer— Term TE-endsi . ' ■ ' 

- Automation Companies - r ' ' - . ' , ' * 

Will LlkelSL _be Large 

While robpta are oftan uaed in an initial isolated application (primarily ' to gain expesiehc©) , 
theevidenea Lm clear that the rebet is viewed as a piece of equipment to be integrated into, 
the production process. Moreover^ the U*S* production -ba^e ia in dire need of rooderni^atibn ^ • 
andj rnost important* the mid^lSSQa deaographio shift Will lead to a drop in the entry level 
work force at a time when the average skilled machinist in this oountry is currently estimated 
to be about S6 yeara old. These fundamentals suggest that U.S. manufacturers will have to ad^ 
just, their methods and philosophy of produotion/ empftksiking the substitution of oapi'tal for 
iabor or 7 in one word -^automation. \ _ 



The evolution of factory, automation outside the U. S, has. an interesting efiaracteristio- Mosti 
of the companies in the forefront fff the technology are part of the organisation that makes 
muoh of ^ the equipment used^ What mmerges is that' the ^knowledge of^ the faotory environment is 
the key 'fact oif to the syocessfui implementation of automation. In Japan ^ for example* Toyota ' 
was originally a subsidiary of a maohine tool company (Toyoda) and its machine tool technology 
cannot be sold externally without the car company's approval. Nissan has a machine tool com- 
pany as does Hitachi and Komatsu* the" sixth largest produeer of transfer lines. in Japan^ 



A simiiar phenomenon is developing around the world with respect to the is^lementation Of 

a version for internal constmiption : Besides many Japanese concerns , the list would also in- 
clude companies such as Volkswagdn^ Renault and Fiat? ^ - 



Alternatively f U^S^ manufacturing companies rarely produce equipment for their own use- How-^ 
ever, as** automation techniques begin to take hold, the phenomenon has begun to change, Xn 
robots, for example, companies like General Electric ? Texas Instrtanehts and IBM all produce 
robots for internal lise and Ge.i^eral Motors recently announced its own paint spraying robot. 
Further strategic planning within many colorations has led to the identification o£ the 
field o ^automation as both a strategic internal operation requirement ar^ a future business 
opportunity. This has led to significant acquisitions and internal studies as to how to best .. - 
service this cyclical growth phenomena (Table 13) . . 

fm&La i3t^ SEf s£.tf '^jf ^ Lugs EO^snicB 
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The iQfical evolution of the factor of the .future compsny is; ona which can psi% tQgeth^^ tha 
sophist Idated systeins largely invalying computer teshnologiea ^ electronics and software ^ con— 
trailers and, of course, rp^ts- ; The requirement for-. the various' technical discipiines # the.' 
high tfevalopment carts and financial and marketing skills suggest that these companisa will tend 
-to'^be quite large ih nature, with suppliers of industrial pieces of, equipment occupying a small 
niche in the broad spectrm market , for the automated ' f^etdry. ■ ' ' , . - 

EObot Productions . ^ _ ■ ' . . ' ' - " 

Oeneralists With A • , . . . " ^ ^ . - " . _ ■ > J ' 

Hiche _ for Sgecialista . * , ^ ^ ^ ' * 

The potential .widespread use of ro^ts suggests' that the industry will continue to segment 
in vajsious waysi ' - ' '' . ' ^ - . ^ , . . . - 

Work envelapi and load capacity applications have often been the determinant 

of m'firket segmentation by lift capacity * - ^ I ^ ' 

1, Extremely heavyweight applications (lift capability in excess Of 350 Ihs- )" 

2. Heavy .applications , including spot welding res^ting in lift capacity between 

50 and 350 lbs» . - . . - . 

3^ Mediian to low weight applications requiring lift capacity Of less 'than .50 lbs« 



Small parts / pick a^d place and assembly^ requirements 7red"^"^e "'deveiopm&nt or tH^ - - 
market for robots with lift capacity of less than five fcsounds- "The driving force - 
for market development was^ the realisation that upwards of 90% of the parts of the 
average automobile weighed less than three pounds, = " 

Segmentation by process applications ? including painting^ spraying and coating and 
arc welding. 

An analysis of these market ae^ents suggested that a family of generai purpoie robots with . 
a choice of drive mechanism ^ lift capacity and wrist configiiratian could be produced, with the^ 
Inteliigence of the robot (electronica and software) used to tailor the general pui^^^ robot 
for a specific application, while the major robot producers have adopted = this approacft^^^ 
small market nich. has also developed for a dedicated system r particularly in -paint spraying/ . 
primarily because of the intricacies of coating technology. ^ We believe it is likely for this 
generalist "Approach to pervade "in the industry, with some ''specialised nidies developing because 
of. miique process technalsgies - ■ . S i ■ - - 

■ ESD: A Crucial ■ . ■ 

Inviestnjent ' ^ .. - \ . ^ ■ . .. 



Fo r ro bo t a to be. us^£uJL_acroas _ a.Wider breadth of markets i n the future j they must be abl e to 
■ adjust automatically to alternative praduction~set^pa and have the capability of recognising 
reorienting and- manipulating disordered parts* - I'or many assembly and iriitallation procedures ^ . 
\his adaptive ability would be essential* ' ^ - ' 

The key to th^ wide market expansion, we believe, lies in the breakthrough in at least two 
ireaa of technologyi / . , . ' ^ 

Senaary capabilities , including i 

' ^ ■ - ' ' ' - - ^ \ - 

, 1. Force wijfeh application in fitting operations. . ' ' ' 

2* Tactile with^ application in both pasitioning and orienting.^ 
3. Vision w^ith application in positioning # ins|jection and monitorinf. 
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The ability sf the robot to intarfaoe with la^ga^ osinputar controlled manufacturings 
systems- Thxm includes^ the ability to oreate a task desGription without the neces= 
" sity o£ "usint a 'robot's actual motion. . The development of off-'lirie- programing, would ' 
also ease the actual progr^ning ta^k. . . " . 

rurthar , the key to better robots lies in vastly improved eleotronics and eof^are, enhanoe- 
ment of exiiting eoftware and inoo^oration of advaflcea in other- areas j such as i 

Hate^iali Robota in ^e future are likely to be feuilt out of ^various 

composites and/or plastics rather than metal <i ■ - ; ■• " 

spread processes such as coating^ techniques* * " . . . . - , . 

,r Mechanisms and material handling > - ^ - 

This suggests that robots have all the characteristics of a high technology industry i 

1. High levels of HSD spading are a must/ with 7^10% of sales / or more," likely. \ 
(Note? similar to the semiconductor industry-) _ ~ ' ^ ■■ ■ 

2* The vast ni^nber O^ technologies involv^ suggest that joint ventures are likely 
to occur for advancing the state of th^^rt in robots* , ^ . ^ 

Uniaation-s PWtt robot was developed in a joint venture between 
^''^^5lT9"°OTf&Rati^Wt^'™Oav^i^pmentr^ — 



\Cybotech has teen formed as a joint venture corporation by 'Renault - . 

rid Ransburg, hopefully to develop a robot by bringing the ej^erj^ise ^ 
two companies together. ^ , =- 

Significant ESD^ will be done by academla with support "help ^frpa companies- 
This is particularly i&pu^ in sensors and some vision work is. currently being . 
done by RPl, Furdue , ^CiA7^ Florida State (Gainesville)', Stanford, ^University 
of Rhode^Jsland, etc- ^ ~ ■ ^ 

RsO '.ability is fast becoming a bar^i^^^to entry in the" robot afield* Further * it is likely- 
for proprietary technology to be much more" important than patent protection, similar to th6 
major technological fields dominated by software and electronics- , . . 

Learning Curve . ^ : - . . > 

Pricing Key to' ^ 
■ Industry Growth . 

The heavy emphasis on computers, electronics and sof:^are_,as the key method of adapting ^ =\ 
general purpose robots for specific application suggests" that the pricing of robots will^fol= 
low the char acter is ti cs o f high " teehhol^gy Ind^trifea * Lhirrentry ,^^e~es t ijmate"^!^ ^ around 3 0 % 
of the cost of a rotet is the electronics and software, with even a higher percentage fpr the 
ffllore sophisticated models. Hence", we belieye that the learning (e^fperience) curve is very 
important to robotics, and prices- should fall as volTsne incsiMe.s-^v For escampie/ one of the 
.major manufacturers introduced its robot line four years ^ago= Despite the' widely, inflationary 
times of the past few years, selling prices have remained essentially unchanged, imp^ing an 
sstimated 30% price reduction in real terms ^^directly related t5\the sharp yolume increases* 

While' the base -price of robots is likely to decline, the average price per \mL% is likely to 
increase over the next five years. This reflects that robots will probably be equipped with 
more extensive accessories such as sensors, and vision. Assuming technological advancement and 
learning curve pricing, we believe that the robot industry during the iSBOs could achieve a = 
revenue growth upwards of 35^ (cyclically) , with industry revenues es.timated at SBOO-600 mil- 
Lion by lies and ^ approaching *4 2 billion by 1990. ^ . . , 
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Sales v . . Units 



. " Millions ^ ^ 

■ ' ' . 1991 ^ $ 150 . ^2,100 ' . 

r iSii ■ - /sOO-iOO , « 7^000= 8,000 . . ' 

199 0\ . 2,000 30, 000-40, 000 

Saurcft wmm, * " ■ ■ . - , . 

, ,.As in most high taehnelogy industties , tJ^ cost of being wEong in pffoduot and/os market da= 
ciiiQns is high and could easily ha catastrophic for ssallefe an^#preheurial concf rna. 

-. ' y ' ' ' " . .. - - 

Ona potantiai . f utura market davelo^ant is the growth of the robot leasinf husinaia. As in 
the computar bua|.neis ^ spiLll companies aay never have adequate eapafeilit^ to implement robots 
efficiently* Leasing robots ^ along with full support from suppliers ^ could maJca se^e for 
fflnaller companies with limited capital and no robot^wise ^ployeeSj maJ^ng the latest tech- 
nology readily available. q 

■ ^ ' ^ - . ...^ i - 

ROBOT IKTHODUCTION A 9 
SIGNIFICANT IMPACT ON . ^ . , 

4MANUFACTURING OFEa^TIQNS * ^ ^ 



There is no doubt that robots will reyolutioni«e the worJ^laca. Even if no further techno- 
logical advanoeinents were made in fields such as sensory percention, robots would still have . 
a place in the manufacturing pr o c e s s , Howe v gr > i t is i gipo s s ib 1 e jt o^ i gno re the ^^kwa^d perio d 
^^^^3f^TfTCr£gnisgnt^"tTO^^ ifevolutioi\,^ Jt^ is, clear that techno logfy is far 

more ^ophisticatiid compared to the understanding of the- socialt" eastern of the factoryV 

Robots are threatening to the existing, work force « Recent estimates have suggested that up- 
wards of .twenty million induatrial jobs around the world could be replaced by robots. This in- 
cludes four million assembly workers two million machinists # one million painters, two miilion 
welders and fl^e cutters and six. million machine operators. Retraining is believed to be the 
major aqcial jproblem created by rapid robotisation^ not unemplo^ent. 

In both the tj. S- and Sweden^ for escample, many unions have come to accept robots as a method 
of easing the most burdensome manufacturing tasks and increasing productivity, ^th viewed as 
a route to a higher stan<^ard of living* Swedish unions have aotually classified certain^^dan— 
gerous or monotpnous jobs as unfit for humans and demanded ^hat they be carfied out by robots. 
The OAW has. been quoted in publications as stating that higher wages and productivity 40 hand 
in hand; and technology, automation and new methodology are a rtajor way* to increase productivity* 

The method oi robot introduction into a manufacturing organisation tends to follow the pattern 
of selling an initial unit to a company. The sr^e by the manufacturer has to includei 

Extensive^ customer support # including back-up support and technical 
services * simple repairs and parts replacement. 

* - Comprehensive - training progrims" and customer education, -as potential - - ^ - 

users often- do not have the technical background or expertise to maJte . 
a robot work on the plant floor. . ' 

The first installations tend to be moat important , for they are the ones .watched most care^ 
fully by both management and labor. As companies become more comfortable in using robots, 
multiple orders ' follow r but the need for continuing manufacturers* support. remains* In the 
future t robot producer a will have to face the problem of support networks that extend through- 
out the world and offer a variety of ..servicea # including adueation* . ' ^ 
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Within the manufacturing CQffporation^ the jobs created 'iy widespread use of rabats and \in- 
manned manuf actuf ing — »prograiwnera , teehniaians ^ engineers ^'^for the most part require a high 
legree of; technieal training^ The jobs which robots eliminate , .e .g» assembly workers* painters 
and machine .Qperators # are frequently of .^a lower skill or, if even sHilled, = require, little 
technical knawledge, Massive training programs will be needed to prevent the creation of an 
over supply of ^^^^rkers whose skills have become "bbsolete and a simultaneous shortage of engineers 
and technicians.' . It appears. that the manufacturing industry has ' recognised the. problems by the, 
responses t5 the SHE. Robotics Delphi Poll (Table IS) * « 

" ■ ' \ ■ Table 15 i Sour pes of Future Robotic Technical Personnel 

Updated ln=House Hanuf acturing Engineering 'Personnel 30% 



20 
10 



Miring of fc^erienced Personnel from Manufacturer 
Hiring of Ea^erienced Personnel from Robot. Vendor 
Graduating College .Student . " IS 

Sources 1931 %im Delphi Poll ^ , . ' 



To date^ however ^ only the, barest beginnings'' of such programs are in place. We also have, 
recently seen the development of an academic robotios ■ eurrieulum to help meet the. demand for 
-robot teohnlcians. Macomb County COnsnunity College in Warren, Michigan- has 'gust introduced 
siich a pregram and the , State of South Carolina i^ svtosidiaing academic training programs at 
locations near the new Cincinnati Milacron robot plant « 

while we believe the critical issues of manufacturing teohniques and ^l^or displaoem 
be handled* in the short-term, we are becqiSing more\concerned that the magnitude of the problem 
could be serious during the .second half of' the^'iSiOs. Teohnologioal advances enhance the cap a-- 
bility , ' econemic viability -and avail'ability of assembly and inspection robot systems i 

^ * The design of products that are oompatible with, robot handling wi^l = 

increase in importance. One implication is? that the tobot specialist ^ .. . 

will have to be involved- in the prdduct design phases v--/=' . 

= It is estimated that assembly workers constitute upwards of 15% of the 
. 4 " U^S^ manufacturing work force ^ and in^p^cfcion workers probably S-10%^ \ ^ 
These are two areas where ^advanced robotics could be applied with ' ^■ 
astonishing impact," ■ ^ ■ ' 

CAPITAL! I^Y ■ . = . 

SUCCESS OF BOTH / ^ ^ > ^ i 

PRODLICERS AND USEgj ^ ^ . . 

The need to finance a business in an industry - capable of growing 3B% annually and requiring 
significant levels of Rsp and an extensive support network suggests that profitability aad 
availability of capital is vital, ' Fortunate ly^ 'it appears that the members of the robot in- 
dustry have been able to tap the capital market as npeded. There is no doubt that all the 
favorable publicity the robot sector has received, including being on the coveis ot both 
Time and BusinessWeek in 1980 * has helped contribute to the escceptionally favorable opinion 
held by the investment community as to the prospeats for robotics^ . 

It is our view that the government would- probably not have to get intimately ^ involved in^ 
the financial requirements of 'the robotics industry. A free market approach should allow. this 
sector to attract the necessary capital reqo^red because of the well-abbve average growth pros-^ 
pecta. This does not preclude the necessity of general policy incentives required by ^erican ^ 
busiriesaes. We believe that tax relief , especially higher depreciation write-o£|s, are the " - 
kirfdi of programs which would benefit robot producers as^ well as manufacturers. ^ V^. / 
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Government prograins whieh sould b# useful is the futii^a would bg in the arem such as aiding 
Rap expendicuraa ihrough either tax. credits or govarjuiient funds being made available for basiQ 
■research,. ; ■ '.- ^ . ' - - • ■ 

We believe goverrwnent aid to the users wsuld be more Jsenefioial to robot irianufScturera. This 
eould' take the form of: . " " ^ ' \ 

^ Helping companies afford the introduction of robotics int© thair production 
process^ We believe this aid could become crucial for smaller con^ahies^ 

Establishing some sort of showcase, perhaps a national demonstration program, 

t© provide inspirational leadership and develop a cogent policy for manuf ac^ 

turing techniques. , ' ' = - 

We believe that manufacturers' ability to afford Robots and other aspects ©f factory ^ut©ma= 
tion is ultimately related to their cash flow, a stable period of economic growth, reasonable 
levels ©f interest rates and controlled inflation as well as government tax policies providing 
investment incentives would t^ify the ideal .envircnmerit ^or companies in general to increase 
their investment in automated equipment. ^ 

However, it's important to note that the introduction ©f robots into the manufacturing pro- 
cess essentially breaks the shackles as to how things are done. This implies kn important 
degree. of risk for companies to implement robotic programs, a risk taken currently by th# 
larger, companies in this country. — i . ' . : , . .^= : ; = _ ^ ^ ..^ - .... 

It appears that government incentives could be exceptionally useful in helping smaller com- 
panies absorb the -technological Visk of introducing automated equipment. The Japanese govern- 
ment* through tht Ministry of Trade and Industry CHITX) , has adopted programs addressing this _ 
issue in line with the decision that robot prdductiSn is a major strategic' industry for Japan's 

future* " _ . = : i ^ r: 

1 H^l has permitted manufacturers who install' robots to depreciate an ' - 

additional 12i% of the purchase price in the first y^^--- 

. MiTI has' arranged for direct government, low interest loans to small . ^ 
and medium scale manufacturers to encourage various type of robot 
.* installations. . . , . . 

. HITI has helped encourage the " foundi% of a robot leasing company —Japan 
Robot Lease. The objective is to support robot installations by small 
and\medium scale manufacturers, ■ , *^ , 

We believe it would be advantageous for U.S. policy to consider following the lead of the 
JapaneseV we also believe that the U.S, government, could consider programs to help foster the 
spread" of' automated techniques throughout industry.. Heretofore . the Japanese have led the way ^ 
with" the Japanese Automated Factory Project sponsored by the Agency of Industrial S^^ce -and 
Technology of MiTl. The project, initiated in 1977, aims to help take escisting tec^Kogical 
advances into the marketplace, with the acknowledged long-tenn goal of unmanned ma^Wptu^ing, 
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• LONG TEWir h REPLAY OF . = 

"^ THE AGRlCtttTUIWj SECTOR . = .. . - _ 

Todayf 3.8% of tha U.S. work force in agricultura ^ a major change from yestej^ear# when; 
it was %he dominant employment sector. This 3.8% produces enough food to feed this countryi 
and makes the 0*5. the leading exporter ©f foed^ ^he deeline of population in the afrlcultural 
sector ©ceurred with the s^atitution of capital for labor* There .are many people who Iselieve 
that, through automation, the percentage ©f the wsrH force in manufacturing will decline sig« 
nificantly from the current <28.G%^ While we d© not necessarily believe the eKtreme number ©f 
1^3% in the next ceritury* tji^re is no doubt that the U.S. work force efflployed in manufacturing 
as we know it today will markedly decline oyer the next 25 years. Through technology such as 
electronics, software, and systems architecture including robots, eventually the automated 
factory will begin to be a reality^ , 



July 31^ 1981 Eli S^ Lustgarten (312) 180-8213 



ThminlQtmmiion e^niain^ twmin ftai 3&!a^p ssuf gei w* b«i|cv* is b« f«llse(«. but its aceyragy gyafsnin^. Paina vfmsbmi Miighall Hulchinf ins. an^or Pains. VMgbar. 
Jackasn 4 euriis ifmmBermtwm mmiQf Bijin Ea^^l^^iM WaBMf ingofBerti^. aHiUaiad esfneaniaa an^Df thcir onjgifi, drrKion. impisYaat sr ifBckhQidars may at iimai na«a a 
^iition, inciM^mt f fl arSUfaga e# ognsn pesiiii^in Ih* aasunliai daacfiba^ hafaifi and may aail sr By? tnam ts sr ttmrn eytiemara. Th««« tiernpaniaa may frem i ima is time i€t as a 
esftauiiafit is a sr^t^.a^-M<n9 raoof u^n. Cspftigift " fMI Sf Prntflw W*ttmf Mitrnfimit HutdMni tfi^.. Miinghts natnf^-. 
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Office of Technology Assessment 

The Office of Tachnology Assessment <OTA) was created in 1972 as 
an advisory arna of Congress. OTA*s basic function is to help la^s- 
lative policymakers anticipate and plan for the consequencas of tach- 
nologlcal changas and to examine tha many ways, ejected and unex- 
pected, in which technolo^ affacts paopla's Uves* The assassment of 
technology calls for exploration of tha physicalt biological, aconomiCt 
social* iand political impacts which can result from appUcatiOTS of sei- 
entiflc knowledge. OTA provides Congress with independent and 
timely information about the potential effects— both beneficial and 
harmfid— of technolo^qal appflcations. 

Requests for studies are made by chairmen of standing committees 
of the House of Representatives or Senate; by the Technology 
Assessment Bo^d* the governing bbdy of OTA; or by the Director of 
. OTA in consultation with the Board. 

The Technolo^ Assessment Board is composed of six members of 
the Houset six members of thp Senate, and the OTA Director^ who is 
a nonvbting member, 

OTA currently has stupes underway in nine general areas: energy, 
international security and commerce, materials* food and renewable 
resources, health, human resources, commumcation and information 
technolo^es, oceans and environmentt and space technolo^. 
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